VNIVERSITAT
DGVALENCIA

Programa de Doctorado en Enfermeria Clinica y Comunitaria

Exposicion prenatal a manganeso y a arsénico y
efectos en el desarrollo neuropsicoldgico en

nifos y nifias participantes en la cohorte INMA

Tesis doctoral con Mencidn Internacional de Doctor

Raquel Soler Blasco

Direccion de tesis:
Dr. Ferran Ballester Diez
Dra. Sabrina Llop Pérez

Dr. Mario Murcia Hinarejos

Valencia, febrero, 2022






VNIVERSITAT
DG VALENCIA

Ferran Ballester Diez, Doctor en Medicina, Catedréatico de Universidad, Area de Enfermeria,
Universitat de Valéncia; M. Sabrina Llop Pérez, Doctora en Salud Publica y Mario Murcia

Hinarejos, Doctor en Salud Publica

CERTIFICAN

Que Raquel Soler Blasco, Diplomada en Enfermeria por la Universitat de Valencia, y Mdaster en
Salud Publica y Gestion Sanitaria por la Universitat de Valencia, ha realizado su tesis doctoral bajo
nuestra direccién con el titulo de “Exposicion prenatal a manganeso y a arsénico y efectos en el

desarrollo neuropsicoldgico en nifios y nifias participantes en la cohorte INMA”.

Una vez revisado el presente trabajo, consideramos que reune las condiciones para ser

presentado y defendido como TESIS DOCTORAL.
Y para que conste a los efectos oportunos firmamos el presente certificado.

En Valencia, a 10 de febrero de 2022

Fdo:

Dr. Ferran Ballester Diez Dra. Sabrina Llop Pérez Dr. Mario Murcia Hinarejos






La presente Tesis Doctoral ha sido realizado gracias a la Ayuda
Predoctoral de Formacién en Investigacion en Salud (PFIS, con
referencia 17/00260), asi como a las subvenciones concedidas al
proyecto INMA (Infancia y Medio Ambiente.

WWw.proyectoinma.org).

Una parte de este trabajo fue presentada como comunicacion oral
en el Congreso Virtual de la Sociedad Espafiola de Epidemiologia
(SEE), y de la Associacdo Portuguesa de Epidemiologia (APE), en
octubre de 2020. En ella, ésta fue premiada como una de las diez
mejores comunicaciones presentadas por investigadores jévenes

(premio SEE-CIBERESP)



Derechos de autoria del trabajo

El trabajo elaborado se presenta bajo licencia Creative
Commons 4.0 de uso abierto, con reconocimiento de
autoria (BY), reconocimiento no comercial (NC) y sin
obra derivada (ND).

©0cle







Un pais sin investigacion es un pais sin desarrollo.

Margarita Salas

La ciencia siempre vale la pena, porque sus descubrimientos,
tarde o temprano, siempre se aplican.

Severo Ochoa

We should act together to create healthier, cleaner, and safe environments for children,
which will contribute to a more secure future for the world.
Therefore, the accumulation of the scientific knowledge and reinforcement of political

actions based on scientific evidence are important

En Kishi R, Grandjean P (2019)






AGRADECIMIENTOS

Alld por 2017, mientras terminaba el Master de Salud Publica, ya sabia que queria realizar el
doctorado. Aspiraba y sofiaba a poder trabajar como investigadora. Sin embargo, llegar hasta ahi
lo veia practicamente imposible. Pero un correo que recibimos todos los alumnos de un profesor
del master (mi primer agradecimiento: gracias, Ferran) sobre la posibilidad de hacer el doctorado
con un contrato predoctoral cambid totalmente el rumbo del ese “prdcticamente imposible”. Y

aqui estamos.

Durante estos cuatro afios, quienes me conozcan me habran escuchado decir en muchisimas
ocasiones lo profundamente agradecida que estoy por haber tenido la suerte de poder estar

dénde estoy ahora, y lo feliz que me hace trabajar donde lo hago.

Los primeros agradecimientos son para mis directores y directora de tesis. Muchisimas gracias,
Ferran, Sabrina y Mario. Primero, por la confianza depositada en mi. Me distéis la oportunidad de
trabajar con vosotros, y gracias a eso he podido aprender de unos profesionales (y personas)
excepcionales. Me habéis ensefiado a ser independiente, a pensar con coherencia y cuidado en
cada una de las etapas de investigacién, a ver los resultados en un contexto practico y me habéis
animado a discurrir siempre un poquito mas alld. Todo esto, y mucho mas, lo habéis hecho con
paciencia, respeto, profesionalidad e ilusion (esos “dale, dale al clic” cuando hemos enviado los

articulos son puro oro).

El despacho. Ay, el despacho. El ambiente familiar que se respira alli es inmejorable. Siempre,
absolutamente siempre, hay alguien que te echa un cable en cuanto lo necesitas, en lo que sea.
Llucia, Amparo C, Amparo F, Marisa, Rima, Gabi, Manu, Michele, Paula, Blanca, Tatiana, Natalia,
M José, Christian, Olga, Rubén, Andrea...os doy las gracias a todos y todas, por hacerme sentir en
mi segunda casa, por las charlas geniales en las comidas y en el descanso del café (no todo tiene
gue ser ciencia), por el humor y las risas incluso en momentos de presion, y por otros cientos de

cosas mas.

Muchas gracias también a otros investigadores e investigadoras del Proyecto INMA,
especialmente al grupo de Gipuzkoa, tanto por permitirme usar parte de su trabajo para esta

tesis, como por su apoyo desde la distancia.

Mi especial agradecimiento a las familias INMA. Estar en este proyecto me ha permitido valorar
el esfuerzo que hacen los vy las participantes de un estudio, especialmente en este. Sin ellos, no
tendriamos nada, ni nosotros como investigadores, ni la sociedad en general. Sigo manteniendo

que se les deberia hacer un monumento.



Y ahora me gustaria dar las gracias a mi familia. A mi padre y a mi madre, que siempre (y siempre
es siempre) me han apoyado en todo. Se han ilusionado por cada articulo, congreso, charla que
he hecho, han escuchado pacientemente mis tejemanejes cientificos y se han esforzado por
entender todo este mundo, haciéndome sentir cuidada y apoyada. No tengo palabras para
agradecéroslo. Gracias a mi hermana, por ser como es, por escucharme, cuidarme y hacerme reir,
y por regalarme a Sofia y Leo. Espero con ganas mas “Tata, vamos a jugar a ciencia”. Y por

supuesto, a Paco y a Tina, por su compafiia infinita sin (casi) pedir nada a cambio.

Finalmente, quiero dar las gracias a mi otra familia. A mis Inglourious y al resto de mis amigos y
amigas. Gracias por ser como sois. No puedo agradecer lo suficiente la suerte que he tenido en
encontraros. Me habéis hecho ser mas curiosa vy critica, hemos creado un “bebé” (ahora ya un
chiquillo grande) cuyo late motiv es “la ciencia puede ser divertida” (y tanto), y siempre habéis
estado ahi, para poder compartir cualquier pena y alegria, cualquier bajéon o subidén, o

simplemente un ratico bueno.

Gracias a todos y todas por estar ahi :)



PROLOGO

Esta tesis doctoral se presenta como compendio de tres publicaciones, en el marco del programa
de doctorado de Enfermeria Clinica y Comunitaria de la Universitat de Valencia. El objetivo
general de la tesis es evaluar la exposicidn prenatal a manganeso y a arsénico y sus diferentes
especies, asi como analizar la eficiencia en la metilacion del arsénico en el embarazo. También,
se pretende estudiar si dicha exposicién prenatal se asocia a efectos en el desarrollo

neuropsicoldgico evaluado durante la infancia.

Para la consecucién de estos objetivos, el trabajo de tesis doctoral se enmarca en el Proyecto
Infancia y Medio Ambiente (Proyecto INMA). Este estudio multicéntrico de cohortes, iniciado en
el afio 2003, tiene como principal objetivo estudiar el papel de los contaminantes ambientales
mas relevantes en el aire, el agua y la dieta durante el embarazo y el inicio de la vida, y sus efectos

en el crecimiento y desarrollo infantil.

Mi participacion en el Proyecto INMA comenzd en el afio 2018, cuando recibi una Ayuda
Predoctoral para Formacion de personal en Investigacién en Salud (PFIS, referencia 17/00260)
del Instituto de Salud Carlos Il de Madrid. Durante el primer afio, y mientras esperdbamos los
datos de especiacion del arsénico en orina durante el embarazo, comencé a familiarizarme con
la informacién derivada de las diferentes visitas de seguimiento del proyecto, asi como la revision
de la literatura sobre exposicion prenatal a arsénico y efectos en el neurodesarrollo. Debido a un
retraso en el analisis de las muestras, durante el primer y el segundo afio mis directores y
directora de tesis sugirieron estudiar los efectos de la exposicidon prenatal a manganeso sobre el
neurodesarrollo infantil. Esta investigacién culmind con la publicacion del articulo “Prenatal
manganese exposure and neuropsychological development in early childhood in the INMA cohort”
(articulo 1). Compaginando este trabajo, durante el segundo, tercer y cuarto afio pude llevar a
cabo los otros dos estudios que componen la presente tesis doctoral. En el primero de ellos,
titulado “Urinary arsenic species and methylation efficiency during pregnancy: concentrations and
associated factors in Spanish pregnant women” (articulo Il) se evalud la exposicién a arsénico y
sus diferentes metabolitos, asi como la eficiencia de metilaciéon durante el primer trimestre del
embarazo, y se identificaron los factores asociados a estas variables. En Ultimo trabajo, publicado
durante el afio 2022 vy titulado “Prenatal arsenic exposure, arsenic methylation efficiency, and
neuropsychological development among preschool children in a Spanish birth cohort” (articulo 1),
pudimos evaluar la relacién entre la exposicion prenatal a arsénico y el desarrollo
neuropsicolédgico a los 4-5 afios de edad, identificando el efecto especifico de cada una de las
especies de As analizadas en la orina materna. Esto Ultimo ha supuesto un hecho novedoso, ya

gue no se han identificado estudios previos que hayan analizado esta relacion.



Durante el Ultimo afio de la tesis, he podido realizar una estancia predoctoral durante tres meses
en la Unidad de Medicina Laboral y Ambiental, de la Escuela de Salud Publica y Medicina
Comunitaria de la Universidad de Gotemburgo, bajo la supervision de la profesora Florencia
Harari. El objetivo principal de la estancia de investigacion ha sido explorar la influencia de
factores genéticos maternos y del nifio o nifia en el metabolismo del arsénico y en la aparicién de
efectos adversos en el desarrollo neuropsicoldgico infantil. Los resultados del presente estudio

son todavia preliminares y se prevé seguir con esta linea de investigacion en posteriores etapas.

Gracias al desarrollo de mi proyecto de tesis he podido obtener experiencia y desarrollar
habilidades en investigacion en epidemiologia y salud publica, especificamente en el estudio de
la exposicién temprana a metales, tanto téxicos como esenciales, y su efecto en el desarrollo
neuropsicologico infantil, desempefiando tareas de revision bibliografica, concepcion
metodoldgica, andlisis estadistico de los datos, interpretacion de los resultados y redaccion de
manuscritos. Ademds, durante este periodo he podido presentar los resultados de estas
investigaciones en diferentes congresos, tanto nacionales como internacionales. Finalmente,
durante estos afios he participado activamente como trabajadora de campo en la recogida de

datos de la visita de seguimiento de los 14-16 afios de la cohorte de Valencia del Proyecto INMA.

Esta actividad la he desarrollado en el Area de Ambiente y Salud de la Fundacién para la
Investigacion Sanitaria y Biomédica de la Comunidad Valenciana (FISABIO), formando parte de la
Unidad Mixta de Investigaciéon en Epidemiologia, Ambiente y Salud, entre la Universitat de
Valencia, Universitat Jaume | de Castellon y FISABIO, asi como del grupo de investigacion METALIA

(METALs and chldren’s heAlth), liderado por una de mis directoras de tesis, la Dra. Sabrina Llop.
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La presente memoria se presenta segun las directrices del “Reglamento sobre depdsito,
evaluacidn y defensa de la tesis doctoral” de la Universitat de Valéncia y reline los requisitos para
ser presentada como tesis doctoral por compendio de publicaciones. Finalmente, parte del
trabajo se presenta en lengua inglesa (Abstract and Conclusions) como requerimiento para

obtener la Mencidn Internacional de doctor.



Nota sobre el uso de lenguaje igualitario:

El uso de lenguaje no discriminatorio y la sensibilidad y adecuacién de los textos son una
necesidad hoy en dia. Para la consecucidon de esta tesis se ha tratado de seguir las
recomendaciones propuestas por la “Guia de uso para un lenguaje igualitario” de la Universidad
de Valencia (2012), en aras de encontrar un equilibrio entre el respeto por la igualdad de género
y la necesidad de precisién y claridad del texto. Para ello se ha priorizado el uso de términos
colectivos (por ejemplo, “infancia”), y de desdoblamientos (“los nifios y nifias”) en algunas
ocasiones. No obstante, con el fin de asegurar la fluidez lectora que requiere la lectura un
manuscrito de tesis doctoral, se utiliza el género neutro (nifios) para hacer referencia a ambos

sexos.






RESUMEN

Introduccién: El manganeso (Mn) es un elemento esencial, indispensable para el desarrollo
durante la etapa fetal. Por su parte, el arsénico (As) es un toxico para el ser humano, siendo su
forma inorganica (iAs) la considerada mas toxica. La principal via de exposicién a ambos
compuestos en poblaciéon general es a través de la dieta. Una vez es absorbido, el iAs es
biotransformado en dcido monometilarsénico (MMA) y acido dimetilarsinico (DMA). Diversos
estudios epidemioldgicos han relacionado la exposicién prenatal a estos metales con efectos
adversos en el desarrollo neuropsicolégico durante la infancia, aunque la evidencia actual no es
concluyente. Ademas, la mayoria de estos estudios se han realizado en dreas con una alta
exposicion ambiental a estos compuestos, por lo que la evidencia en zonas con menores niveles
en el ambiente, incluyendo agua y alimentos, es todavia escasa. El objetivo general de la presente
tesis es estudiar la relacién entre la exposicién prenatal a Mn y a As y la aparicién de efectos
adversos en el desarrollo neuropsicoldgico infantil en los participantes de dos cohortes materno-

infantiles, asi como evaluar los factores asociados a dichas exposiciones.

Metodologia: este trabajo forma parte del proyecto multicéntrico de cohortes Infancia y Medio
Ambiente (INMA). La poblacion de estudio fue entre 807 y 1179 pares madre-hijo/a de las
cohortes de Gipuzkoa y Valencia (2004-2008). Durante el primer trimestre del embarazo se
recogieron muestras de suero y orina en las que se analizaron las concentraciones de Mn y As
total (TAs) y sus metabolitos (MMA, DMA, As inorganicos [iAs] y arsenobetaina [AB]),
respectivamente. El desarrollo neuropsicolégico de los nifios y nifias se evalué mediante las
Escalas de Desarrollo Infantil de Bayley (BSID) al afio de edad y a través de las Escalas de
Habilidades Infantiles McCarthy (MSCA) a los 4-5 afios de edad. Se recogid informacion
sociodemografica, de estilos de vida y dietética mediante cuestionarios, asi como otros
biomarcadores maternos (ferritina sérica y zinc (Zn) urinario, entre otros). La eficiencia de
metilacion del As se determind a través de los porcentajes de los metabolitos y utilizando el
analisis de componentes principales. Se utilizaron modelos de regresion lineal multivariante para
evaluar los factores asociados a las variables de exposicidon, asi como para evaluar la relacion entre
la exposicion prenatal a Mn, a As y sus metabolitos, asi como la eficiencia en la metilacion del As
y las puntuaciones en las pruebas neuropsicoldgicas. Finalmente se examind la linealidad de las

relaciones y se explord la posible modificacién del efecto relacionada con diversas variables.

Resultados: la media geométrica (MG) e intervalo de confianza del 95% (IC95%) de las
concentraciones de Mn en suero durante el primer trimestre del embarazo fue de 1,50 ug/L
(1,48-1,53). El Unico factor dietético asociado a estas concentraciones fue el consumo de frutos

secos. Las madres trabajadoras presentaron menores concentraciones de Mn en suero. Por su
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parte, la MG (IC95%) de las concentraciones de TAs, AB, SAs (suma de DMA, MMA e iAs), DMA,
MMA e iAs en orina fue de 35,55 (33,10-38,19), 20,17 (18,34-22,19), 7,74 (7,41-8,09), 6,82 (6,52-
7,14), 0,34 (0,32-0,36) y 0,33 (0,31-0,35) ug/g creatinina, respectivamente. El consumo de arroz
se asocié de forma directa con las concentraciones urinarias de todos los metabolitos de As,
excepto con la AB. De la misma manera, el consumo de pescado se asocid positivamente con las
concentraciones de todos los metabolitos evaluados excepto con el MMA y el iAs. Otros factores
asociados con las concentraciones de ciertas especies de As fueron el drea de estudio, el pais de
origen de la madre, la clase social parental y el indice de masa corporal materno (IMC). Respecto
a la eficiencia en la metilacién del As durante el embarazo, las medianas (IC del 95%) del
porcentaje de metabolitos de As fueron 89,7 (89,3-90,2) para %DMA, 5,1 (4,8-5,3) para %5MMA y
4,7 (4,5-5,0) para %iAs. Las mujeres nacidas en Latinoamérica y aquellas con un mayor IMC
presentaron una mejor metilacion del iAs (indicado por mayor %DMA y menor %MMA y %iAs).
En este estudio de cohortes multicéntrico no se encontrd asociacién entre la exposicion prenatal
a Mny el desarrollo mental (B [IC95%] = -0,39 [-2,73 a 1,95]), ni con el desarrollo psicomotor (B
[IC95%] = -0.92 [-3,48 a 1,65]) de los nifios y nifias al afio de edad. Respecto a la exposicién
prenatal a As, en el presente trabajo se observd una relacién negativa entre las concentraciones
urinarias de MMA durante el primer trimestre del embarazo y las puntuaciones de las escalas
general, verbal, cuantitativa, de memoria, de funcion ejecutiva y de memoria de trabajo del MSCA
a los 4-5 afios de edad (por ejemplo, B [IC95%] = -1,37 [-2,33 a -0,41] para la escala general).
Ademas, el MMA se asocié de manera negativa con la subescala de memoria. Finalmente, se
observé que los nifios y nifias cuyas madres presentaron concentraciones mas bajas de Mn, Zny
ferritina obtuvieron puntuaciones mas bajas en varias escalas de MSCA con una eficiencia de

metilacion decreciente.

Conclusiones: Los niveles de Mn, As y sus metabolitos analizados en nuestra poblacién son mas
bajos que los observados en la mayoria de los estudios publicados. Ciertos factores dietéticos, de
estilo de vida y ambientales influyen tanto en las concentraciones de Mn y de especies de As, asi
como en la eficiencia de metilacion del As en nuestra poblacidn. Este estudio no muestra
asociacion entre los niveles maternos prenatales de Mn y el desarrollo neuropsicolégico al afio
del nacimiento. No obstante, si se ha observado una asociacion inversa entre las concentraciones
de MMA y el desarrollo neuropsicoldgico de los nifios y nifias a los 4-5 afios de edad. Ademas, los
niveles maternos de Mn, Zn y ferritina modificaron la asociacion entre la eficiencia de metilacion

del As y las puntuaciones de MSCA.
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RESUM

Introduccié: El manganés (Mn) és un element essencial, indispensable per al desenvolupament
durant l'etapa fetal. Per la seua part, I'arsenic (As) és un toxic per a I'ésser huma, sent la seua
forma inorganica (iAs) la considerada més toxica. La principal via d'exposicié a tots dos compostos
en poblacid general és a través de la dieta. Una vegada és absorbit, el iAs és biotransformat en
acid monometilarsénic (MMA) i acid dimetilarsinic (DMA). Diversos estudis epidemiologics han

relacionat |'exposicid prenatal a aquests metalls amb efectes adversos en el desenvolupament

neuropsicologic durant la infancia, encara que l'evidéncia actual no és concloent. A més, la
majoria d'aquests estudis s'han realitzat en arees amb una alta exposicié ambiental a aquests
compostos, per la qual cosa I'evidéncia en zones amb menors nivells en I'ambient, incloent aigua
i aliments, és encara escassa. L'objectiu general de la present tesi és estudiar la relacié entre
I'exposicié prenatal a Mn i a As i l'aparici6 d'efectes adversos en el desenvolupament
neuropsicologic infantil en els participants de dues cohorts matern-infantils, aixi com avaluar els

factors associats a aquestes exposicions.

Metodologia: aquest treball forma part del projecte multicentric de cohorts Infancia i Medi
Ambient (INMA). La poblacié d'estudi va ser entre 807 i 1179 parelles mare-fill/a de les cohorts
de Guipuscoa i Valéncia (2004-2008). Durant el primer trimestre de I'embaras es van recollir
mostres de serum i orina en les quals es van analitzar les concentracions de Mn i As total (TAs) i
els seus metabolits (MMA, DMA, As inorganic [iAs] i arsenobetaina [AB]), respectivament. El
desenvolupament neuropsicologic dels xiquets i xiquetes es va avaluar mitjancant les Escales de
Desenvolupament Infantil de Bayley (BSID) a I'any d'edat i a través de les Escales d'Habilitats
Infantils McCarthy (MCSA) als 4-5 anys. Es va recollir informacio sociodemografica, d'estils de vida
i dietética mitjancant questionaris, aixi com uns altres biomarcadors materns (ferritina sérica i
zinc (Zn) urinari, entre altres). L'eficiencia de la metilacio de I'As es va determinar a través dels
percentatges dels metabolits i utilitzant I'analisi de components principals. Es van utilitzar models
de regressié lineal multivariant per a avaluar els factors associats a les variables d'exposicio, aixi
com per a avaluar la relacié entre I'exposicié prenatal a Mn, a As i els seus metabolits, aixi com
I'eficiencia de la metilacid de I'As i les puntuacions en les proves neuropsicoldgiques. Finalment
es va examinar la linealitat de les relacions i es va explorar la possible modificacid de I'efecte

relacionada amb diverses variables.

Resultats: la mitjana geométrica (MG) i interval de confianca del 95% (IC95%) de les
concentracions de Mn en serum durant el primer trimestre de I'embaras va ser de 1,50 pg/L (1,48-
1,53). L'Unic factor dietétic associat a aquestes concentracions va ser el consum de fruits secs.

Les mares treballadores van presentar menors concentracions de Mn en serum. Per part seua, la
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MG (IC95%) de les concentracions de TAs, AB, SAs (suma de DMA, MMA i iAs), DMA, MMA i iAs
en orina va ser de 35,55 (33,10-38,19), 20,17 (18,34-22,19), 7,74 (7,41-8,09), 6, 82 (6,52-7,14),
0,34 (0,32-0,36) i 0,33 (0,31-0,35) ug/g creatinina, respectivament. El consum d'arros es va
associar de manera directa amb les concentracions urinaries de tots els metabolits d'As, excepte
amb la AB. De la mateixa manera, el consum de peix es va associar positivament amb les
concentracions de tots els metabolits avaluats excepte amb el MMA i el iAs. Altres factors
associats amb les concentracions de certes especies d'As va ser |'area d'estudi, el pais d'origen de
la mare, la classe social parental i I'ilndex de massa corporal matern (IMC). Respecte a I'eficiéncia
de la metilacié de I'As durant I'embaras, les mitjanes (IC del 95%) del percentatge de metabolits
d'As van ser 89,7 (89,3-90,2) per a %DMA, 5,1 (4,8-5,3) per a %MMA i 4,7 (4,5-5,0) per a %iAs.
Les dones nascudes a Llatinoameérica i aquelles amb un major IMC van presentar una millor
metilacié del iAs (indicat per major %DMA i menor %MMA i %iAs). En aquest estudi de cohorts
multicentric no es va trobar associacié entre I'exposicié prenatal a Mn i el desenvolupament
mental (B [IC95%] = 0,39 [-2,73 a 1.95]), ni amb el desenvolupament psicomotor (B [IC95%] =
-0.92 [-3,48 a 1,65]) dels xiquets i xiquetes a I'any d'edat. Respecte a I'exposicio prenatal a As, en
el present treball es va observar una relacié negativa entre les concentracions urinaries de MMA
durant el primer trimestre de l'embaras i les puntuacions de les escales general, verbal,
guantitativa, de memoria, de funcié executiva i de memoria de treball del MSCA als 4-5 anys (per
exemple, B [IC95%] =-1,37[-2,33 a -0,41] per a I'escala general). A més, el %hMMA es va associar
de manera negativa amb la subescala de memoria. Finalment, es va observar que els xiquets i
xiquetes les mares dels van presentar concentracions més baixes de Mn, Zn i ferritina van
obtindre puntuacions més baixes en diverses escales de MSCA amb una eficiencia de metilacio

decreixent.

Conclusions: Els nivells de Mn, As i els seus metabolits analitzats en la nostra poblacié sén més
baixos que els observats en la majoria dels estudis publicats. Certs factors dietétics, d'estil de vida
i ambientals influeixen tant en les concentracions de Mn i d'especies d'As, aixi com en I'eficiencia
de metilacié de I'As en la nostra poblacié. Aquest estudi no mostra associacié entre els nivells
materns prenatals de Mn i el desenvolupament neuropsicologic a I'any del naixement. No obstant
aixd, si s'ha observat una associacié inversa entre les concentracions de MMA i el
desenvolupament neuropsicologic dels xiquets als 4-5 anys d'edat. A més, els nivells materns de
Mn, Zn i ferritina van modificar I'associacié entre I'eficiencia de metilacié de I'As i les puntuacions

de MSCA.
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ABSTRACT

Introduction: Manganese (Mn) is an essential element that is indispensable for correct
development during the foetal stage. Arsenic (As) is toxic to humans, its inorganic form (iAs) being
considered the most toxic. The main route of exposure to both compounds in the general
population is through diet. Once absorbed, iAs is biotransformed into monomethylarsonic acid
(MMA) and dimethylarsinic acid (DMA). Several epidemiological studies have linked prenatal
exposure to these metals to adverse effects on neuropsychological development during
childhood, although the current evidence is inconclusive. Moreover, most of these studies have
been conducted in areas with high environmental exposure to these compounds and evidence in
areas with lower levels in the environment, including food and water, is still scarce. The general
aim of the present thesis is to study the relationship between prenatal exposure to Mn and As
and the occurrence of adverse effects on child neuropsychological development in participants
from two maternal-infant cohorts, as well as to evaluate the factors associated with these

exposures.

Methods: This study is part of the multicentre cohort-based INMA (Infancia y Medio Ambiente
[Environment and Childhood]) project. The study population was between 807 and 1179 mother—
child pairs from the Gipuzkoa and Valencia cohorts (2004-2008). During the first trimester of
pregnancy, serum and urine samples were collected and analysed to determine the
concentrations of Mn and total As (TAs) and its metabolites (monomethylarsonic acid [MMA],
dimethylarsinic acid [DMA], inorganic As [iAs] and arsenobetaine [AB]), respectively. The
children's neuropsychological development was assessed using the Bayley Scales of Infant
Development (BSID) at 1 year of age and the McCarthy Scales of Children's Abilities (MSCA) at 4-
5 years of age. Sociodemographic, lifestyle and dietary information was collected by
guestionnaires, together with other maternal biomarkers (serum ferritin and urinary zinc [Zn],
among others). The As methylation efficiency was determined through metabolite percentages
and using principal component analysis. Multivariate linear regression models were used to
evaluate factors associated with exposure variables, as well as to assess the relationship between
prenatal exposure to Mn, to As and its metabolites, and As methylation efficiency and
neuropsychological test scores. Finally, the linearity of the relations and the possible effect

modification related to several variables was explored.

Results: The geometric mean (GM) and 95% confidence interval (95%Cl) of serum Mn
concentrations during the first trimester of pregnancy was 1.50 ug/L (1.48-1.53). The only dietary
factor associated with these concentrations was the consumption of nuts. Working mothers had

lower serum Mn concentrations. The GM (95% Cl) of TAs, AB, SAs (sum of DMA, MMA and iAs),



DMA, MMA and iAs concentrations in urine were 35.55 (33.10-38.19), 20.17 (18.34-22.19), 7.74
(7.41-8.09), 6.82 (6.52-7.14), 0.34 (0.32-0.36) and 0.33 (0.31-0.35) ug/g creatinine, respectively.
Rice consumption was directly associated with urinary concentrations of all As metabolites except
AB. Similarly, fish consumption was positively associated with concentrations of all the
metabolites assessed except MMA and iAs. Other factors associated with the concentrations of
certain As species were study area, maternal country of origin, parental social class and maternal
body mass index (BMI). Regarding As methylation efficiency during pregnancy, the medians
(95%Cl) of the percentage of As metabolites were 89.7 (89.3-90.2) for %DMA, 5.1 (4.8-5.3) for
%MMA and 4.7 (4.5-5.0) for %iAs. Women born in Latin America and those with a higher BMI had
better iAs methylation (indicated by higher %DMA and lower %MMA and %iAs). In this
multicentre cohort study, no association was found between prenatal Mn exposure and mental
development (B [95% Cl] = -0.39 [-2.73, 1.95]) or with psychomotor development (B [95% Cl] =
-0.92 [-3.48, 1.65]) of children at one year of age. Regarding prenatal As exposure, in the present
work, a negative relationship was observed between urinary MMA concentrations during the first
trimester of pregnancy and scores on the general, verbal, quantitative, memory, executive
function and working memory scales of the MSCA at 4-5 years of age (e.g. B [95% CI] = -1.37
[-2.33, -0.41] for the general scale). In addition, MMA was negatively associated with the
memory subscale. Finally, it was observed that children whose mothers had lower concentrations
of manganese, zinc and ferritin scored lower on several MSCA scales with decreasing methylation

efficiency.

Conclusions: The levels of Mn, As and its metabolites analysed in our population are lower than
those observed in most of the studies published to date. Certain dietary, lifestyle and
environmental factors influence both the concentrations of Mn and As species and the As
methylation efficiency in our population. This study shows no association between prenatal
maternal Mn levels and neuropsychological development at one year after birth. However, an
inverse association between MMA concentrations and the neuropsychological development of
children aged 4-5 years has been observed. In addition, maternal Mn, Zn and ferritin levels

modified the association between As methylation efficiency and MSCA scores.
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CAPITULO I. INTRODUCCION

1.1 EXPOSICION A TOXICOS AMBIENTALES

DURANTE ETAPAS VULNERABLES

1.1.1. Vulnerabilidad en etapas tempranas de la vida a la exposicion a

contaminantes ambientales

1.1.1.1 Vulnerabilidad durante la etapa prenatal

Durante la etapa prenatal la placenta actua de barrera protegiendo al feto en desarrollo de las
sustancias toxicas a las que estd expuesta la madre. Sin embargo, existe evidencia de que esa
proteccién no es completa. Desde las primeras semanas del embarazo, ciertas sustancias son
capaces de atravesar la barrera placentaria mediante mecanismos de difusidn pasiva y transporte
activo, dependiendo de las caracteristicas del compuesto (peso molecular, ionizacion,

liposolubilidad y capacidad para unirse a proteinas) (Gundacker et al., 2016; Myren et al., 2007).

Junto a lo anterior, durante el desarrollo intraembrionario los mecanismos de detoxificacion son
todavia inmaduros (Selevan et al., 2000), provocando la acumulacion de sustancias toxicas en los
organos en desarrollo (Barr et al., 2007). Todo esto sucede durante un periodo donde se produce
la diferenciacién de los tejidos, la organogénesis y el crecimiento fetal. Estos procesos complejos,
gue ocurren de manera rapida y altamente coordinada, son muy susceptibles a la exposicion a
sustancias téxicas o a niveles inadecuados de diversos elementos esenciales. Es lo que se conoce

como ventanas de vulnerabilidad (ver Figura 1) (Etzel y Landrigan, 2014).
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[ Prenatal ] Postnatal

Periodo
embrionarioy
fetal temprano

(1-16 sg)

. Adolescencia -
Periodo
Periodo fetal ’ erl Primera Segunda Adolescencia

Lactante y ) tempranay -
neonatal tard
117-40 <8) (027 d) (2 d2e) TzT;')a clg-'?ln D media {rois)
(12-16 a)

| Sistema nervios central (25g-20 &)

| Rifiones (4-40 sg)

Corazon
(3-8sg)

| Sistemna inmune (8-40 sg. Competencia y memoria: nacimients-10 a)

| Pulmones (3-40 sg. Alveolar: nacimiento-10 a}

‘ Sistema reproductivo (7-40 sg. Maduracion en la pubertad)

Adaptado de Etzel y Landrigan (2014).

Nota: sg: semanas de gestacion; d: dias; m: meses; a: afios.

1.1.1.2 Vulnerabilidad durante la infancia

Tras el nacimiento, los nifios y nifias siguen expuestos a contaminantes ambientales que pueden
afectar su desarrollo. Durante este periodo, tanto las fuentes de exposicidn a sustancias toxicas,
como los efectos producidos por las mismas, son diferentes a la de la poblacién adulta. Esto se
debe a ciertas particularidades propias que, ademas, van cambiando a lo largo de las diferentes

etapas, desde el periodo neonatal hasta la adolescencia (Cohen Hubal et al., 2014).

Una de estas caracteristicas es la mayor exposicion a sustancias toxicas durante la infancia, debido
a una mayor ingesta y tasa respiratoria en relacion a su peso corporal. Ademas, durante los
primeros meses de vida, los lactantes quedan expuestos a ciertas sustancias a los que ha estado
expuesta su madre, a través de la lactancia materna, lo que supone una via especifica durante
esta etapa (Rebelo y Caldas, 2016). Tras este periodo, la dieta durante la infancia es
sustancialmente diferente a los adultos (por ejemplo, mayor ingesta de agua, zumos, arroz y
productos basados en éste y otros cereales). Finalmente, durante este periodo se produce una
mayor y diferente exposicién a sustancias debido a comportamientos propios de cada una de las
etapas de desarrollo (por ejemplo, mayor conducta exploratoria, mayor tiempo de actividad en
el suelo y al aire libre, comportamiento mano-objeto/boca) (Cohen Hubal et al., 2014; Etzel vy

Landrigan, 2014; U.S. Environmental Protection Agency, 2008; World Health Organization, 2005).

Ademds de una mayor exposicion, durante la infancia los sistemas y mecanismos de

detoxificacién, metabolismo y excrecion siguen siendo inmaduros, especialmente en los primeros
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doce meses tras el nacimiento. Asi mismo, en el periodo postnatal los érganos siguen en proceso
de desarrollo, algunos como el sistema nervioso hasta la adolescencia. Esto lleva a que estos
organos y estructuras en crecimiento sigan siendo mas vulnerables a los efectos téxicos de ciertas
sustancias (ver Figura 1) (Etzel y Landrigan, 2014; U.S. Environmental Protection Agency, 2008;
World Health Organization, 2005).

1.1.2. Efectos de la exposicion prenatal. Hipotesis de los origenes de la

salud y enfermedad en el desarrollo (DOHaD)

La hipotesis de los origenes de la salud y enfermedad en el desarrollo (DOHaD, por sus siglas en
inglés) postula que el ambiente en el que se encuentra un individuo durante su desarrollo
temprano puede tener un impacto sobre la salud a lo largo de su vida (Barker, 2007). Esta teoria
fue propuesta originalmente por Barker en los afios 80. En sus estudios se observd que la
malnutricién durante el embarazo y la infancia podia llevar a cambios estructurales, fisioldgicos y
metabdlicos permanentes, lo que podria favorecer la aparicién de enfermedades

cardiovasculares durante la edad adulta (Barker, 2007).

La hipdtesis DOHaD ha seguido desarrollandose y amplidndose durante las Ultimas décadas,
encontrando nuevas evidencias sobre la influencia del ambiente durante el desarrollo, no solo
del estado nutricional materno, si no también otros factores, como el tabaquismo, el estrés y la
exposicion a toéxicos ambientales. Respecto a este ultimo, la literatura ha aumentado
considerablemente, poniendo el foco particularmente en el impacto que puede tener la
exposicion a toxicos, como los bifenilos policlorados (PCB), la contaminacion atmosféricay ciertos
metales (por ejemplo, mercurio, plomo y arsénico) sobre ciertos aspectos de la salud infantil,
entre ellos en el desarrollo neuropsicoldgico (Abdul-Hussein et al., 2020; Heindel et al., 2017,

Zheng et al., 2016).

Aunque el mecanismo aun no estd claro, la evidencia sugiere que el ambiente durante el
desarrollo podria tener una influencia sobre la regulacion epigenética del individuo. Esto es,
mediante diferentes mecanismos se producen alteraciones en la expresion de ciertos genes sin
modificar la secuencia del ADN, llamadas modificaciones epigenéticas, como la metilacion del
ADN o la modificacién de las histonas y los ARN no codificantes, entre otras. Estos cambios
podrian influir en la expresion genética de manera permanente, lo que puede llevar a una mayor
susceptibilidad a desarrollar enfermedades a lo largo de la vida (Barouki et al., 2018; Heindel
et al., 2015; Vineis et al., 2017). Otros mecanismos de accién propuestos para el desarrollo de
enfermedades son el estrés oxidativo y la inflamacion crénica inducida por la exposicidon a téxicos

durante las etapas vulnerables, interferencias en los sistemas dopaminérgicos, colinérgicos y
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glutamatérgico, disrupcion endocrina, disfuncion mitocondrial, alteracion metabdlica,
alteraciones estructurales de los 6rganos en desarrollo asi como deterioro de la plasticidad

neuronal (Almeida et al., 2019; Grilo et al., 2021; Karmaus et al., 2019; Schug et al., 2013).

1.1.3. Vulnerabilidad del sistema nervioso infantil frente a la exposicién a

toxicos ambientales

Como se ha comentado anteriormente, durante el periodo embriofetal se produce la
diferenciacién de tejidos y la organogénesis. El desarrollo del sistema nervioso central (SNC) tiene
ciertas particularidades que lo diferencia del resto de érganos. La mds importante es que el
proceso de desarrollo es largo, ya que empieza muy temprano en la etapa prenatal (alrededor de
la segunda semana de gestacion), y se extiende durante los periodos pre y postnatal hasta la
adolescencia (Chang et al., 2015; Stiles y Jernigan, 2010). Este proceso complejo y altamente
organizado supone un periodo critico de vulnerabilidad a la exposicidn, tanto a sustancias toxicas,
como a niveles inadecuados de elementos necesarios para el desarrollo de este sistema, como el

hierro o el manganeso.

Durante esta etapa, la barrera hematoencefdlica continlda en desarrollo, por lo que muchos
compuestos, por ejemplo metales tales como el arsénico, el manganeso, el plomo o el
metilmercurio, son capaces de atravesarla (Lucchini, Aschner, Bellinger, et al., 2015). En el SNC
inmaduro un gran numero de procesos, mayor que en el adulto, son llevados a cabo a través de
neurotransmisores, cuya funcion puede ser interrumpida debido a la exposicion de determinados
téxicos. De la misma manera, el cerebro en desarrollo contiene un nimero menor de enzimas
antioxidantes comparadas con el adulto, lo que lo hace mas vulnerable al estrés oxidativo
provocado por ciertos compuestos neurotéxicos (Lucchini, Aschner, Bellinger, et al., 2015; Rock
y Patisaul, 2018). Ademas, se ha observado que las neuronas inmaduras y las células neuronales
precursoras, fundamentales durante el proceso de neurogénesis, son altamente vulnerables ala
exposicion a ciertos téxicos (Abbott y Nigussie, 2021). Desde hace décadas, estudios
experimentales y epidemiolégicos han puesto de manifiesto como la exposicién prenatal a ciertos
metales puede tener efectos adversos en el desarrollo neuropsicolégico infantil a

concentraciones inocuas para los adultos (Grandjean y Landrigan, 2006, 2014).

Tras el nacimiento y durante los primeros afios de vida, otra de las fuentes de exposicion a téxicos
ambientales es la lactancia materna. El andlisis de esta matriz ha evidenciado la presencia de
diferentes metales, como mercurio, arsénico, cadmio o plomo, asi como otros téxicos, como

dioxinas, bisfenoles, parabenos o ftalatos (Rebelo y Caldas, 2016; Yusa et al., 2020).
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Algunos de los posibles mecanismos propuestos en el desarrollo de efectos adversos en el
neurodesarrollo debido a la exposicidn pre y postnatal a sustancias téxicas son los siguientes

(Oulhote y Bellinger, 2019; Rock y Patisaul, 2018):

e El estrés oxidativo, que puede conducir a la muerte de células neuronales. Como se ha
comentado anteriormente, el cerebro en desarrollo es especialmente vulnerable a los
radicales libres formados a través de este mecanismo.

e |a alteracion de los sistemas de neurotransmisores, como la dopamina o la serotonina,
lo que puede llevar a efectos en la funcion cerebral.

e Disrupcién neuroendocrina, que puede afectar a la diferenciacién celular cerebral y la
sinaptogénesis

e Cambios epigenéticos, como modificaciones en la metilacion del ADN, que podrian
afectar la expresiéon de genes relacionados con funciones cerebrales.

e Disrupcién del sistema inmune, cuya activacion en periodos criticos, como la etapa

prenatal, puede llevar a cambios en la estructura y funcion del cerebro en desarrollo.

1.1.4. Impacto en salud debido a la exposicidn a neurotdxicos durante

etapas vulnerables

La exposicidn a sustancias neurotdxicas podria ser, en parte, causa de la elevada prevalencia de
los trastornos del desarrollo neuropsicoldgico en la infancia. En el 2016, se estimé que el numero
de casos a nivel global de nifios y nifias menores a 5 afios que presentaron discapacidad
intelectual fue de mas de 12,5 millones, lo que representa una prevalencia de 20 casos por cada
1000 habitantes. La prevalencia de este tipo de trastornos es mas alta en paises en desarrollo; sin
embargo, este es un problema global. En Espafia, durante el mismo afio, la prevalencia se situd

en 15 casos por cada 1000 habitantes (Olusanya et al., 2018).

Ademds, es posible que la prevalencia de trastornos del desarrollo neuropsicoldgico esté
infraestimada, ya que, en ocasiones se utilizan instrumentos de medida que se centran en signos
de discapacidad y pueden no ser capaces de detectar problemas leves o moderados relacionados
con el deterioro cognitivo o problemas de comportamiento (World Health Organization, 2012).
Este hecho implicaria que el impacto de la exposicion a sustancias neurotdxicas en el desarrollo
infantil pueda ser aun mayor del actualmente considerado. Por ejemplo, en el estudio de
Zablotsky (2017), se observod que la prevalencia de discapacidad del desarrollo en EE. UU., entre
2014y 2016, (donde se incluyeron, no solo casos de desorden del espectro autista y discapacidad

intelectual, sino cualquier otro retraso en el desarrollo diagnosticado) fue del 7% .
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Aun siendo complejo, diversos estudios han intentado estimar la contribucion de los toxicos
ambientales como factores de riesgo para el neurodesarrollo durante la infancia. Una revisién
estimé el impacto de ciertos factores de riesgo ambientales (exposicién a plomo, metilmercurio
y plaguicidas organofosforados) en el cociente intelectual (Cl) en nifios y nifias menores de cinco
afios en EE. UU. Desde esta perspectiva poblacional, se observd que estos tres riesgos
ambientales suponian una contribucién importante a la pérdida de puntuacion de Cl, no solo por
la magnitud del efecto de estos quimicos sobre el neurodesarrollo, sino por la amplia prevalencia
de poblacion infantil expuesta a estos riesgos (Bellinger, 2012). Por otro lado, un estudio sobre
la estimacion de carga de enfermedad debida a factores ambientales en poblacién infantil de 28
paises europeos estimd que, del total de exposiciones ambientales evaluadas, la exposicion a
plomo contribuyd en un 3% a los afios de vida perdidos ajustados por discapacidad (Rojas-Rueda
et al,, 2019).

Como se observa, la exposicién a compuestos neurotédxicos durante periodos vulnerables podria
tener un impacto directo sobre la salud infantil, e incluso causar efectos adversos a lo largo de la
vida. Continuar estudiando cémo afectan estas sustancias en diferentes dreas geograficas, con
distintos niveles de exposicién, proporcionara informacion valiosa mediante la identificacién de
poblaciones mads susceptibles a los posibles efectos derivados de la exposicion a estos
compuestos, asi como la deteccion de aquellas en alto riesgo de exposicién. Este conocimiento
podra ayudar a la implementacién de medidas que promuevan un cambio hacia un entorno mas
saludable en las etapas vulnerables, lo que proporcionara beneficios en salud a corto y largo

plazo.
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1.2. MANGANESO

El manganeso (Mn) es un metal de transicion, que se encuentra en el ambiente de forma natural,
siendo el quinto metal mas abundante de la corteza terrestre. Para los humanos, el Mn actla
como elemento esencial, es decir, participa en numerosos procesos metabdlicos, y su ausencia o

deficiencia podria causar efectos negativos funcionales y estructurales (Aggett et al., 2015).

1.2.1. Fuentes de emision

El Mn se encuentra de manera natural en el ambiente, como componente de mas de cien
minerales (Agency for Toxic Substances and Disease Registry, 2012). No obstante, son las fuentes
antropogénicas las que contribuyen sustancialmente a aumentar los niveles de Mn en el
ambiente. Las principales fuentes de emision de Mn incluyen la mineria, la produccién de aleacién
de ferromanganeso v la fabricacion de hierro y acero (Agency for Toxic Substances and Disease

Registry, 2012; Lucchini, Aschner, Kim, et al., 2015).

En el aire, en areas rurales y urbanas, este compuesto se encuentra en concentraciones bajas
como componente del material particulado (PM), aumentando considerablemente los niveles en
areas cercanas a industrias de ferro y silicomanganeso debido a las emisiones producidas por este
tipo de factorias (Lucchini, Aschner, Kim, et al., 2015; World Health Organization, 2000a). El uso
del aditivo de la gasolina tricarbonilo metilciclopentadienilo de manganeso (MMT) también
contribuye a aumentar los niveles de este compuesto en la atmdsfera, aunque su uso estd
limitado en la Unién Europea (UE) (European Commission, 2009; Lucchini, Aschner, Kim, et al,,
2015). De la misma manera, el uso de ciertos productos agricolas, especialmente el fungicida
mancoceb, aumenta los niveles en el ambiente, aunque el uso de este producto ha sido prohibido

en la UE recientemente (European Commission, 2020a).

El Mn también esta presente de manera natural tanto en el suelo, como en el agua. No obstante,
aligual que en al aire, las fuentes antropogénicas contribuyen en gran medida a la contaminacién
de estas fuentes. El Mn presente en el suelo puede migrar al agua, especialmente las formas
solubles de este compuesto (Lucchini, Aschner, Kim, et al., 2015; World Health Organization,
2011). En el agua, el Mn estd presente principalmente en aguas subterraneas, debido a las

condiciones anaerdbicas de las mismas (World Health Organization, 2017).
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1.2.2. Vias de exposicion
1.2.2.1 Exposicion en poblacion general
Exposicién dietética

En poblacion general, la principal via de exposicidn a este elemento es a través de la dieta. El Mn
es un componente natural de la mayoria de los alimentos. Sin embargo, se observa una variacién
considerable en los niveles segun el tipo de producto. En ciertos alimentos de origen vegetal,
como los frutos secos y semillas, chocolate, té, frutas y los cereales, se han observado niveles
altos de Mn (Agence nationale de sécurité sanitaire de I'alimentation de I’'environnement et du
travail, 2011; Filippini et al., 2017; Perell6 et al., 2015; Rose et al., 2010; U.S. Food and Drug
Administration, 2017). Los cereales, asi como los productos basados en ellos, constituyen el grupo
de alimentos que contribuyen en mayor medida a la exposicién de Mn a través de la dieta, debido
tanto a presentar niveles relativamente altos de este elemento, como a su alta frecuencia de
consumo (Agence nationale de sécurité sanitaire de I'alimentation de I'environnement et du
travail, 2011; EFSA Panel on Dietetic Products Nutrition and Allergies, 2013). Por otra parte, se ha
observado que ciertos habitos alimenticios pueden aumentar la ingesta de Mn, por ejemplo las

dietas vegetarianas (Freeland-Graves et al., 2016).

Otra ruta de exposicién a Mn es a través del consumo de agua potable, especialmente en zonas
donde los niveles en este medio son altos, como en ciertas dreas de Bangladesh, Japon o
Australia. Algunos compuestos de Mn son facilmente solubles, por lo que la exposicidén puede
ocurrir por la ingestion de agua potable contaminada (Lucchini, Aschner, Kim, et al., 2015; World

Health Organization, 2011).

En lactantes, otra via de exposicién a este compuesto es a través de la leche materna y las
férmulas infantiles. Las concentraciones de Mn en leche materna varian entre 3y 30 pg/L (EFSA
Panel on Dietetic Products Nutrition and Allergies, 2013). En leche de férmula, el contenido en
Mn en comparacién es significativamente superior que en leche materna (32-367 pg/L) (Ljung
et al., 2011). Un reciente estudio ha estimado que la ingesta minima de Mn a través de estos
productos es, al menos, 28 veces superior que la ingesta media a través de leche materna

(Mitchell et al., 2020).

10



CAPITULO I. INTRODUCCION

Exposicién inhalada y dérmica

Como se ha comentado anteriormente, las concentraciones atmosféricas de Mn varian
considerablemente dependiendo de la proximidad a fuentes de emisién de este elemento. Asi,
en zonas cercanas a fundiciones y a ciertas industrias, las concentraciones de Mn aumentan
significativamente (Agency for Toxic Substances and Disease Registry, 2012; World Health
Organization, 2000a). Se ha propuesto que otra fuente de exposicion de Mn inhalado es a través
del consumo de tabaco, aunque los niveles de Mn en el tabaco no parecen ser altos (Agency for
Toxic Substances and Disease Registry, 2012). Respecto a la exposicion dérmica, en poblacién
general esta via se considera muy rara debido a que este compuesto no penetra con facilidad a

través de la piel (Agency for Toxic Substances and Disease Registry, 2012).
Exposicién prenatal

El Mn es capaz de atravesar la barrera placentaria a través de mecanismos activos de trasporte,
con el fin de satisfacer la demanda fetal de este elemento (Nandakumaran et al., 2016). Durante
la gestacion se ha observado un aumento de las concentraciones de Mn en la sangre materna
(Spencer, 1999; Takser etal., 2004). Se cree que esta variacién en los niveles se debe
principalmente a cambios fisiolégicos producidos durante este periodo, como por ejemplo una
mayor absorcion intestinal de Mn debido a la deficiencia fisioldgica del hierro, elemento con el
cual comparte mecanismos de transporte (Agency for Toxic Substances and Disease Registry,

2012; Kim, 2018).
1.2.2.2 Exposicién ocupacional
Exposicion inhalada y dérmica

En el dmbito ocupacional, la exposicion a este compuesto se produce a través de la inhalacién de
vapores de Mn o polvos que contienen este metal. Los sectores ocupacionales que presentan
mayor exposicién son la mineria, la produccién y fundicién de metales, la produccién y uso de
productos agricolas y la fabricacién de baterias (European Commission Employment Social Affairs
and Inclusion, 2011). La exposicion a Mn a través de la inhalacién parece ser mas toxica, debido
a que el Mn se transporta directamente al cerebro a través del tracto olfativo antes de ser
metabolizado en el higado (Agency for Toxic Substances and Disease Registry, 2012; Lucchini,
Aschner, Kim, et al., 2015). Respecto a la exposicion dérmica a Mn, como se ha comentado
anteriormente, esta es muy rara. Unicamente se ha informado de exposiciones ocupaciones

debido a la manipulacién de MMT (Lucchini, Aschner, Kim, et al., 2015).
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1.2.3. Toxicocinética del manganeso

El Mn ingerido por la dieta es absorbido a través del tracto gastrointestinal mediante
transportadores no especificos que regulan la absorciéon de otros metales, como el hierro (Fe)
(ver Figura 2). De hecho, se ha observado que la deficiencia de Fe aumenta la absorcién de Mn
en el intestino, debido a la competencia de ambos metales por los transportadores (EFSA Panel
on Dietetic Products Nutrition and Allergies, 2013; Finley, 1999; Kim y Park, 2014). Una vez es
absorbido, el Mn se distribuye rapidamente a los drganos a través de la sangre, principalmente
unido a los eritrocitos. Los niveles de este elemento en la sangre se mantienen dentro de unos
limites fisioldgicos estables, debido a la regulacion de la absorcion gastrointestinal y la excrecion
hepatobiliar. El higado es el principal érgano regulador de la homeostasis de este elemento en el
cuerpo, eliminando el exceso de Mn mediante la conjugacién con la bilis y la excrecién a través

de las heces (Agency for Toxic Substances and Disease Registry, 2012; Chen et al., 2018).

No obstante, este mecanismo homeostatico puede verse afectado por diferentes condiciones.
Como se ha comentado anteriormente, se ha observado una influencia del hierro en la absorcion
de Mn (Finley, 1999; Kim y Park, 2014). Asi mismo, la exposicién a niveles muy altos a este
elemento, especialmente en ambientes ocupacionales, puede sobrepasar el mecanismo
regulador fisioldgico y provocar una acumulacion de niveles elevados en el cuerpo. Finalmente,
las enfermedades hepéticas pueden llevar a una mayor absorcion de este elemento (Agency for

Toxic Substances and Disease Registry, 2012).

Debido a sus numerosas funciones dentro del organismo, este elemento se encuentra en todos
los tejidos a niveles estables. No obstante, en ciertos érganos y tejidos se observa una mayor
acumulacion de Mn, como en el higado, el pancreas, los huesos, el colon, los rifiones v,
especialmente, en zonas especificas del cerebro (globus pallidus) (Agency for Toxic Substances

and Disease Registry, 2012; Tuschl et al., 2013) .

Respecto al Mninhalado, este es absorbido en los pulmones, entrando en la circulacion sistémica.
No obstante, a través de la inhalacidon también puede ser transportado al bulbo olfatorio desde
donde pasa al cerebro mediante ciertos transportadores, evitando la metabolizacién y regulacién

por parte del higado (Chen et al., 2018)
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Absorcion

* Inhalacién: transporte directo al cerebro por via
olfatoria. También absorcion via pulmonar

* Ingestion: absorcion gastrointestinal

Distribucion

* Rdpida distribucion (unién a eritrocitos).

* Se concentra principalmente en el higado, pero
también en cerebro y huesos.

* Elexceso de Mn se distribuye a otros tejidos.

Metabolismo

b8 ' * No completamente entendido.
* Algunos estudios sugieren oxidacion en el
AN cuerpo, de Mn"a Mn"

.. | Eliminacion
* Através del higado, donde se conjuga con la bilis
l y se excreta a través de las heces.

Figura 2. Toxicocinética del manganeso.

Nota: Elaboracidn propia. Imagenes: shutterstock y Flaticon.

1.2.4. Funciones fisioldgicas del manganeso

El Mn es un elemento esencial para el ser humano. Este compuesto es necesario para el
mantenimiento de la funcidon cerebral y nerviosa, ya que actlia como un importante cofactor en
enzimas involucradas en la sintesis y metabolismo de neurotransmisores. Ademas, forma parte
de numerosos procesos metabdlicos, como en el metabolismo de grasas y carbohidratos, asi
como la formacién de tejido conectivo y esquelético (Agency for Toxic Substances and Disease
Registry, 2012; Santamaria y Sulsky, 2010). Basandose en datos de estudios de dieta total, la
European Food Safety Authority (EFSA) (2013) observd una ingesta media de entre 2 a 6 mg/ dia
de Mn en la UE, por lo que establecié una ingesta adecuada diaria de Min de 3mg para evitar la

deficiencia de este elemento.
1.2.5. Efectos en salud por exposicién a manganeso adultos

Aunque el déficit de Mn no se ha descrito en humanos, la exposicion a niveles altos de este

elemento si que ha mostrado tener efectos en salud, principalmente efectos neurotdxicos.

13



CAPITULO I. INTRODUCCION

1.2.5.1 Efectos neurotdxicos

El principal efecto en salud debido a altas exposiciones de Mn es un sindrome parkinsoniano
denominado manganismo. Este trastorno neuroldgico incluye sintomas motores, como
temblores, desdrdenes de la marcha, y espasmos en musculos faciales, asi como sintomas
psiquiatricos, como alucinaciones. Este trastorno esta causado por la acumulacién de Mn en
ciertas zonas del cerebro (Miah et al., 2020). Existe evidencia concluyente de que la inhalacion
de altos niveles de Mn puede llevar a desarrollar dicho sindrome, sobre todo en ambientes
ocupacionales y en poblaciones cercanas a ciertas industrias. No obstante, también se han
descrito casos tras la exposicion oral a altos niveles de este compuesto, especialmente a través
del agua (Agency for Toxic Substances and Disease Registry, 2012; EFSA Panel on Dietetic
Products Nutrition and Allergies, 2013). Ademas, en un reciente metaanalisis se observd una
correlacidon negativa significativa entre la exposicién a Mn inhalado en adultos y funciones

cognitivas y motoras, aunque la magnitud del efecto fue pequefia (Ruiz-Azcona et al., 2021).
1.2.5.2 Otros efectos en salud

Se han observado efectos respiratorios debido a exposiciones de Mn por via inhalatoria, como
inflamacién pulmonar y disminucion de la funcién pulmonar, este Ultimo en fumadores (Agency
for Toxic Substances and Disease Registry, 2012; Wang et al., 2015). Ademas, existe evidencia,
todavia no concluyente, de que la exposicidon a este elemento parece tener efectos sobre la
funcion cardiovascular, produciendo alteraciones electrocardiograficas e hipotension (Agency for

Toxic Substances and Disease Registry, 2012; Jiang y Zheng, 2005; O'Neal y Zheng, 2015).

1.2.6. Efectos en salud por exposicion a manganeso durante etapas

vulnerables

1.2.6.1 Efectos en el desarrollo neuropsicoldgico por exposicidon temprana a Mn

La evidencia epidemioldgica sobre los efectos de la exposicidén prenatal a Mn en el desarrollo
neuropsicoldgico durante la infancia es escasa. En el estudio de Takser et.al (2003) se encontré
una asociacién inversa entre los niveles de Mn analizados en sangre de corddn umbilical (media
geométrica 38,5 pg/L) y las puntuaciones en habilidades manuales, atencién y memoria no verbal
a los tres afios de edad. Sin embargo, no se encontrd asociacién entre los niveles de Mn vy el
desarrollo cognitivo general a los seis afios. En otro estudio llevado a cabo en Taiwan, se
observaron peores resultados en la evaluacién del desarrollo cognitivo y del lenguaje en los nifios
y niflas que presentaron niveles de Mn en sangre de corddn por encima de 59,59 ug/L (Lin et al.,

2013). En el estudio de Claus-Henn (2017), realizado en EEUU, se observd una asociacion inversa
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significativa entre las concentraciones de Mn en sangre materna medidos en el parto (mediana =
24,0 ug/L) y el desarrollo mental y psicomotor a los dos afios de edad. Resultados similares se
observaron en un estudio mexicano (Mufioz-Rocha et al., 2018), donde los niveles de Mn en
sangre materna (media= 27,7 ug/L) se asociaron de manera negativa con la evaluacion de la
funcion cognitiva, motora y del lenguaje a los dos afios de edad. No obstante, en el mismo estudio
se observd una relacion no lineal cuando el biomarcador de exposicién fue evaluado en sangre
de corddon (media= 50,1 ug/L). Esta forma de relacién de U invertida, caracteristica de los
elementos esenciales, también se encontré en una cohorte coreana para el desarrollo mental y
psicomotor a los seis meses de edad en el que se observd un cambio en la asociacidn de positiva
a negativa para niveles de Mn en sangre materna de alrededor de 24-28 pg/L (Chung et al., 2015).
Por su parte, diversos estudios no han observado ninguna relaciéon entre los niveles de Mn
prenatal y efectos en el neurodesarrollo durante la infancia (Kupsco et al.,, 2020; Mora et al,,
2018). Finalmente, una revisién sistematica de estudios observacionales concluyd que la
evidencia actual sobre los efectos de la exposicién a Mn en estadios tempranos (gestacion y
primeros afios de vida) son todavia no concluyentes para establecer una relacién causa-efecto

(Leonhard et al., 2019)

De la misma manera que en la exposicidon prenatal, la exposicion postnatal a Mn en los primeros
afios de vida, la infancia y la adolescencia ha sido relativamente poco estudiada. Para estimar la
exposicion a Mn, diversos estudios epidemiolégicos han analizado tanto la exposicion a través del
agua como las concentraciones de este mineral en diversos biomarcadores (pelo, sangre, suero,
dentina). Los resultados sugieren que exposiciones altas a Mn se relacionan negativamente con
el desarrollo cognitivo, la funcién ejecutiva, la funcion verbal y la memoria (Bjorklund et al., 2017,
Lucchini et al., 2017). Alguno de estos estudios han encontrado una relacién no lineal, de U
invertida (Leonhard et al., 2019). No obstante, aunque existe cierta evidencia sobre la exposicion
postnatal y su impacto en el neurodesarrollo infantil, el tipo de estudio utilizado (transversal) y la
variabilidad en la forma de medir tanto la exposicion como el resultado hace que no se pueda

establecer una relacién causal sélida (Leonhard et al., 2019).

1.2.6.2 Otros efectos en salud por exposicién temprana a Mn

Existe evidencia sobre la relacidon entre la exposicion prenatal a Mn y las medidas antropométricas
al nacimiento. Diversos estudios han encontrado una relacién inversa, aunque no lineal, entre las
concentraciones de Mn prenatal y el peso al nacer (Eum et al., 2014; Hu et al., 2018; Wang et al,,
2021; Yamamoto et al., 2019). Otro estudio mostréd que niveles mas bajos de Mn medidos en el
tercer trimestre del embarazo se asociaron con un menor peso al nacer, aunque no se observé la
misma asociacién a concentraciones altas (Ashley-Martin et al., 2018). Recientemente, un

estudio ha sugerido que la relacidn entre la exposicion prenatal a Mn y los efectos negativos en
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el neurodesarrollo puede estar mediada, precisamente, por la relacion entre esta misma
exposicion y la talla al nacimiento (Lee et al.,, 2018). En contraste, un estudio transversal ha
observado una relacién positiva entre la exposicién postnatal a Mn y el indice de masa corporal
(IMC) vy la circunferencia de la cintura en nifios y nifias entre 6 y 11 afios de edad (Signes-Pastor

etal, 2021).

Finalmente, un reciente estudio ha encontrado una relacion no linear entre las concentraciones
maternas perinatales de Mn vy el riesgo de que su descendencia presente presidn arterial elevada

alos 6-12 afios de edad (Wang et al., 2021).

1.2.7. Niveles de referencia e ingesta recomendada de Mn

Como se ha comentado anteriormente, el Mn es un elemento esencial que interviene en
numerosas funciones y procesos en el organismo. Diversos mecanismos homeostaticos
contribuyen al mantenimiento de los niveles de Mn dentro de los limites fisioldgicos (Lucchini,
Aschner, Kim, et al., 2015). Los rangos normales de este elemento se encuentran entre 4-15 pug/L
en sangre, 1-8 ug/L en orina y 0,4-0,8 pg/L en suero (Agency for Toxic Substances and Disease

Registry, 2012).

Aungue la deficiencia de Mn en humanos no se ha descrito, tanto el Institute of Medicine (IOM)
en el afio 2006 (Institute of Medicine, 2006),como la EFSA en el afio 2013 (EFSA Panel on Dietetic
Products Nutrition and Allergies, 2013) establecieron unos valores de ingesta adecuada diaria de
Mn de en adultos, incluyendo el embarazo y la lactancia (3mgen el caso de la EFSAy 1,8 y 2,3 mg
en el caso del IOM). No obstante, la falta de evidencia impidio a la EFSA establecer otros valores
nutricionales de referencia, como por ejemplo el nivel superior de ingesta tolerable. Sin embargo,
debido a los posibles efectos negativos en salud que se han observado en exposiciones altas a
este elemento, en el 2006, el IOM si establecidé una ingesta diaria superior tolerable a través de
la dieta en adultos, mujeres embarazadas y mujeres lactantes de 11 mg (Institute of Medicine,

2006) (Tabla 1).

En etapas vulnerables, como lainfanciay la adolescencia, la ingesta diaria recomendada y el limite
superior tolerable varia segun la edad, aunque en cualquier caso es menor que en los adultos
(EFSA Panel on Dietetic Products Nutrition and Allergies, 2013; Institute of Medicine, 2006). De
la misma manera, la Comisién Europea establecio en el 2015 el contenido minimo y maximos de
Mn para preparados para lactantes y preparados de continuacion (1-100 pg/100 kcal) (European

Commission, 2015a).
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Respecto a los niveles de Mn en agua, la Organizacion Mundial de la Salud establecid una
concentracion maxima de 400 pg/L (World Health Organization, 2017). No obstante, en la UE el
limite establecido es de 50 pg/L en agua de consumo, debido principalmente a cuestiones
estéticas y de aceptabilidad del consumidor, ya que, incluso a niveles bajos (20ug/L), el Mn se

deposita en las tuberias y puede enturbiar el agua (European Commission, 2020b).

Por ultimo, respecto a la exposicion de Mn por inhalacién, la Comisién Europea establecid en el
afio 2011 un valor limite indicativo de exposicién laboral 0,20mg/m? (European Commission

Employment Social Affairs and Inclusion, 2011).

0-6 m 7-11m 1-3a 4-6a 7-10 a 11-18 a Adultos, mujeres embarazadas y lactancia
ND 0,02—0,5 1 1,5 2 3 3

0-6 m 7-11m 1-3a 4-8a 9-13 a 14-18 a Adultos, mujeres embarazadas y lactancia

0,003 0,6 1,2 1,5 1,6—1,9% 16—22* 1,8—2,3*

0-6m 7-12m 1-3a 4-8a 9-13 a 14-18 a Adultos, mujeres embarazadas y lactancia
ND ND 2 3 6 9 11

400 pg/L 3 50 pg/L*

1—100 pg/100 kcal

0,20mg/m3

Tabla 1. Niveles de referencia e ingesta recomendada de manganeso segln poblaciones.

Nota: a: afios; m: meses. ND: no determinado

1EFSA Panel on Dietetic Products Nutrition and Allergies 2013; 2Institute of Medicine 2006; 30MS, 2017; 4 Comision
Europea, 2015;>Comision Europea, 2020; 6Comisién Europea, 2011.

*Valores segiin mujer u hombre, respectivamente.
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1.3. ARSENICO

El arsénico (As) es un metaloide, el cual comparte propiedades tanto de los metales como de los
no metales (Agency for Toxic Substances and Disease Registry, 2007). Desde el punto de vista
toxicoldgico, el As puede encontrarse tanto en formas inorganicas (iAs) como organicas. Estas
formas, a su vez, se pueden encontrar en distintos estados de oxidacién (-3, 0, +3, y +5) (World

Health Organization, 2001).

La especiacion del arsénico consiste en la identificacion y cuantificacion de las formas quimicas
individuales del As, tanto en el ambiente como en sistemas o matrices bioldgicas. Existen un gran
nimero de compuestos de As. Las formas inorgénicas arsenito (As") y arsenato (As”) se pueden
combinar con grupos metilo (-CHs) formando asi las especies metiladas. A continuacion, se realiza

una clasificacion de los compuestos mas significativos para el objeto de esta tesis (Figura 3).

Compuestos inorganicos

Arsenito Arsenato As inorgénico
(Ash) (AsY) (iAs)
HO —As — OH ICI) Suma de As''y AsY
| HO —/\Is — OH
OH OH

Compuestos organicos

Formas metiladas

Metilarsenito Metilarsenato Acido monometilarsénico
(MMAI (MMAVY) (MMA)
HO —As —CH, o Suma de MMA!'y MMAY
|
(le HO—As —CH,
s
Dimetilarsenito Dimetilarsenato Acido dimetilarsinico
(DMAIN) (DMAIN) (DMA)
o Suma de DMA!'y DMAY

HC _A|S —CH; HiC —As —CH,

5l o

Compuestos organicos complejos

Arsenobetaina Arsenolipidos Arsenoazlicares
CH; CH, CH;
| .- R
O—As — CH,— COOH Qi R S O—As i
CH ,LH{ OH CH, |

Figura 3. Clasificacion de especies de arsénico: nombre (acrénimo) y estructura quimica.

Nota: elaboracion propia.
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1.3.1. Fuentes de emision

El As se encuentra de manera natural en la corteza terrestre y es emitido al medio ambiente
debido al desgaste de sedimentos, las emisiones volcdnicas, la actividad geotermal y los incendios
forestales (Flora, 2015). No obstante, son ciertas actividades humanas las que contribuyen a
aumentar de manera significativa la presencia de As en el ambiente (Agency for Toxic Substances
and Disease Registry, 2007). Se ha estimado que las emisiones antropogénicas de As son tres
veces mayores que las emisiones naturales (World Health Organization, 2000b). Entre estas
actividades se encuentran algunos procesos industriales, como la fundicion de metales no
ferrosos, la combustion de combustibles fésiles, y la mineria (European Food Safety Authority,
2009; International Agency for Research on Cancer, 2012). Respecto a esta Ultima actividad, se
ha estimado que en Europa, la mineria contribuye a la presencia de este téxico en el ambiente en
la misma proporcion que los sedimentos producidos por la erosiéon (Shaji et al., 2021). Ademas,
el As ha sido ampliamente usado en aleaciones de plomo, como conservante de madera, asi como
en la agricultura, mediante el uso de plaguicidas que contienen este compuesto (Agency for Toxic
Substances and Disease Registry, 2007; Flora, 2015). No obstante, en la UE, el uso de este tipo
de productos agricolas no estd permitido desde el afio 2006 (European Commission, 2006;

European Food Safety Authority, 2009) .

El As se transporta principalmente en el medio ambiente a través del agua. El metal presente en
las rocas y sedimentos es liberado en el agua subterranea mediante varios procesos. En los
sistemas acudticos, este compuesto se encuentra mayoritariamente en formas inorganicas,

""en condiciones

siendo predominante el As¥ en ambientes con presencia de oxigeno, y el As
reductoras (como en aguas profundas) (Flora, 2015). En sedimentos marinos, ademas, se han
encontrado especies metiladas (MMA y DMA), debido a la reducciéon y metilaciéon del AsY por
microbios, algas y fitoplancton. Los niveles de As en el agua dependen de diversos factores, como
el tipo de sedimento, la concentracién de oxigeno o el grado de actividad bioldgica (European
Food Safety Authority, 2009; Flora, 2015; International Agency for Research on Cancer, 2012). En
zonas cercanas a areas industriales o con actividad minera, las concentraciones de As en el agua

son mas elevadas (Huang et al., 2015).

Por otra parte, la mayor parte del As atmosférico proviene de fuentes antropogénicas,
principalmente debido a la quema de combustibles fésiles, incineracién de basuras y fundicion
de metales no ferrosos (Agency for Toxic Substances and Disease Registry, 2007). En este medio,
las formas mas frecuentes son las inorganicas pentavalentes, las cuales suelen acumularse en las
particulas de menor tamafio (particulas finas con didmetro inferior a 2,5y 1 micra [PMzsy PM;,

respectivamente]) (Lewis etal., 2012; Nocon etal.,, 2020). El As presente en la atmdsfera
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contribuye, asi mismo, a aumentar las concentraciones en el medio acuifero, debido a la

deposicién de particulas a través de precipitaciones (Flora, 2015).

1.3.2. Vias de exposicién

1.3.2.1 Exposicion en poblacion general
Exposicidn dietética

La principal via de exposicion a los diferentes compuestos de As es a través de la ingestion. En
zonas donde los niveles de As en agua subterranea son altos, ya sea por procesos naturales o
antropogénicos, la principal via de exposicion al iAs es a través del consumo de agua potable. En
ciertas areas de paises como Bangladesh, India, Vietnam, China, Argentina, Chile, México,
Australia y EEUU, los niveles de As en agua de consumo se encuentran por encima del valor
maximo recomendado por la Organizacién Mundial de la Salud en el afio 2003 (10 pg/L) (Huang
et al., 2015; Shaji et al.,, 2021; World Health Organization, 2017). No obstante, una reciente
revision ha puesto de manifiesto que dreas concretas de hasta 107 paises en el mundo pueden
estar afectadas por la contaminacién de As en agua subterranea, sobre todo en zonas cercanas a
cuencas sedimentarias (Shaji et al., 2021). Sin embargo, en muchas otras zonas, los niveles de As
en agua potable son muy bajos. Por ejemplo, en Espafia el valor medio cuantificado de As en agua
de consumo es de alrededor 1 pg/L, siendo menos de un 1% las determinaciones en agua de
consumo >10ug/L (Ministerio de Sanidad Servicios Sociales e Igualdad, 2019a). No obstante, se
han identificado algunas zonas en Castilla-Ledn, Galicia, Baleares y Canarias con niveles mayores

a los permitidos (Ministerio de Sanidad Servicios Sociales e Igualdad, 2019b).

En regiones donde los niveles de As en el agua potable son bajos, la principal via de exposicién al
iAs es a través del consumo de ciertos alimentos, sobre todo cereales, y mas especificamente,
arroz. El cultivo de arroz se realiza principalmente bajo condiciones anaerdbicas (suelos
inundados), donde predominan las formas mas moviles de As que se generan bajo ambientes
reductores (As"). Este factor parece que estd implicado en la bioacumulacion de As del suelo en
los brotes y el grano, en mayor medida (hasta diez veces mas) que otros cereales que crecen en
condiciones aerdbicas (Chen etal., 2017; Williams et al., 2007; Xu et al., 2008). Ademas de la
técnica de cultivo, los niveles de As presentes en el arroz muestran variaciones segun el tipo de
arroz. Parece que las concentraciones de iAs son significativamente mas altas en el grano de arroz
integral que en los tipos vaporizado y pulido (arroz blanco) (Signes-Pastor et al., 2016; Upadhyay
et al.,, 2019). Aunque el iAs es la especie predominante en el arroz, también se encuentran

compuestos metilados, como DMA y MMA, aunque este Ultimo en concentraciones mucho
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menores (Meharg y Zhao, 2012; Signes-Pastor et al., 2016; U.S Food and Drug Administration,
2016).

Recientemente, la EFSA (2021) ha evaluado la exposicidn dietética a iAs en la poblacién europea,
situandose de media entre 0,03 y 0,15 ug/kg de peso/dia en adultos, y entre 0,12 y 0,61 ug/kg de
peso/dia en nifios menores de 36 meses, siendo este Ultimo el grupo de poblacion que presentd
una exposicion mas alta. El arroz se sitia como uno de los mayores contribuidores a la exposicion
dietética al iAs en ciertos paises europeos, como Reino Unido, Suecia y Espafia, debido a sus
patrones dietéticos (Food and Agriculture Organization of the United Nations, 2017). En el afio
2015 la Comisidon Europea reguld el contenido maximo de iAs en el arroz y los productos basados
en este alimento, entre 0,20 y 0,30 mg/kg segun el tipo de arroz, limitando alin mas el contenido
en el arroz destinado a la produccion de alimentos para lactantes y nifios de corta edad (maximo

0,10 mg/kg) (European Commission, 2015b).

Aunque el arroz y otros cereales son los mayores contribuidores a la ingesta de iAs en poblacién
general, el consumo de otros productos también contribuye a la exposicion dietética total,
aunque en proporcién sensiblemente menor. Entre estos productos se encuentran los vegetales,
las frutas o los productos lacteos (Agéncia Catalana de Seguretat Alimentaria, 2020; European

Food Safety Authority, 2014; European Food Safety Authority et al., 2021).

Finalmente, es importante sefialar la contribucidon del consumo de pescado y marisco en la
exposicion a As total, sobre todo en areas donde al consumo de este alimento es frecuente
(Agence nationale de sécurité sanitaire de I'alimentation de I'environnement et du travail, 2011;
Agencia Catalana de Seguretat Alimentaria, 2020). Sin embargo, la principal especie de As
presente en este tipo de alimento es la arsenobetaina (AB), considerada como no téxica para el
ser humano (European Food Safety Authority, 2009). Otros compuestos complejos de As
presentes en el pescado y marisco son los arsenoazlcares, principalmente en algas marinas, y los
arsenolipidos, asociados con el pescado azul (Taylor et al., 2017). Los niveles de iAs en este tipo
de productos son generalmente muy bajos, excepto en moluscos y algas (Cheyns et al., 2017;
Ferrante etal., 2019). Recientemente, la EFSA estd en proceso de evaluar los riesgos de la
exposicion a especies de As metilado y especies organicas de As en los alimentos, en particular la

arsenobetaina, los arsenolipidos y los arsenoazucares (EFSA, 2021).

Exposicién inhalada y dérmica

La exposicién de As a través de la via inhalatoria en poblacion general constituye un porcentaje
muy bajo respecto al total de la exposicidn. En el afio 2018, menos del 1% de las estaciones de
medida de calidad del aire en paises europeos comunicaron valores de As por encima del limite

establecido por la UE (6ng/m3) (European Commission, 2004), y todas ellas se encontraban
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situadas en dreas industriales suburbanas y de fondo urbano (European Environment Agency,
2020). La poblacién fumadora, sin embargo, si que parece estar mas expuesta a través de esta
via, ya que el As, especialmente los compuestos inorgédnicos, son un componente del tabaco

(Agency for Toxic Substances and Disease Registry, 2007; Campbell et al., 2014).

La exposicion por via dérmica es rara y ha sido poco estudiada. En estudios experimentales se ha
observado que la absorcidn por esta via parece ser muy baja (Agency for Toxic Substances and

Disease Registry, 2007).

Exposicién prenatal

El As es capaz de atravesar la barrera placentaria, y ser transferido de la madre al feto durante la
etapa gestacional (Hall etal., 2007; Punshon et al., 2015). Diversos estudios han analizado la
presencia de As total, asi como de formas inorgdnicas y metiladas, en placentay sangre de cordodn
umbilical (Freire et al., 2019; Hall et al., 2007; Punshon et al., 2016). Ademas, se ha observado
una correlacién alta entre las concentraciones de As medidas en sangre materna y en cordon
umbilical (Réllin et al., 2017), lo que indica una eficiente transferencia de este metal entre la

madre y el feto.

1.3.2.2 Exposicién ocupacional

Exposicidn inhalada y dérmica

La principal via de exposicion en el dmbito ocupacional es a través de la inhalacién de particulas
que contienen As, generalmente en combinacidon con otros elementos. Esta exposicién
ocupacional puede ser importante en ciertas industrias, como la fundicion no ferrosa, y
actividades industriales, como la conversacion de madera, la desecacién de algoddn o la
fabricacién de vidrio (Agency for Toxic Substances and Disease Registry, 2007; European Chemical
Agency, 2017; Fowler et al., 2015). Ademas, los trabajadores que llevan a cabo otras actividades,
como aquellos involucrados en funciones de fundicién y mineria, o en la industria electrénica
(esta Ultima por el uso de arseniuro de galio) también pueden estar expuestos a niveles mayores

de As (Agency for Toxic Substances and Disease Registry, 2007; Fowler et al., 2015).

Como se ha comentado, la via dérmica es muy poco frecuente. En el entorno ocupacional
Unicamente se ha descrito irritacion tras el contacto dérmico con polvo que contenia As

(European Chemical Agency, 2017).
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1.3.3. Toxicocinética del arsénico

Unavez ingerido, el iAs procedente del agua y los alimentos es absorbido, principalmente a través
del tracto gastrointestinal, y es transportado a los érganos a través de la sangre, observandose
una mayor concentracién de este compuesto en el higado (ver Figura 4) (Agency for Toxic
Substances and Disease Registry, 2016). Es en este érgano donde se produce la mayor parte de
la biotransformacion del iAs. El mecanismo metabdlico y de biotransformacién del iAs adn no esta
completamente entendido. En la actualidad, se han descrito varias secuencias metabdlicas
(Cullen, 2014), dos de las mas importantes son: a) la via clasica, propuesta por Challenger (1945)
basada en la reduccion enzimatica del arsénico y metilacion oxidativa; y b) la mas reciente, basada
en la formacion no enzimatica de complejos arsénico-glutation (As-GSH) (Hayakawa et al., 2005)

(Ver Figura 5).

En ambas propuestas, el iAs ingerido es metilado, de MMA a DMA. La metilacién de los
compuestos estd catalizada a través de la enzima arsenito metiltransferasa (AS3MT), que utiliza
como principal cosustrato (donador de grupo metilo) la S-adenosil metionina (SAM). La
biosintesis de SAM proviene del metabolismo de 1 carbono (OCM, por sus siglas en inglés), el cual
depende del folato y otros micronutrientes, como las vitaminas Bgy Bi,, la betaina y la colina

(Abuawad et al., 2021).

La propuesta de Challenger postula que Unicamente las formas trivalentes pueden ser metiladas,
por lo que es necesario un proceso previo de reduccion de las formas pentavalentes. Se ha
propuesto que el glutatién (GSH) es el principal agente reductor de las formas pentavalentes
(Vahter, 2002). En el esquema de Hayakawa se sugiere que GSH es un requisito para la metilacion
del iAs a través de ASM3T, y los complejos arsénicos tri-glutation (ATG) y monometilarsénico
diglutation (MADG) son los substratos necesarios para la enzima ASM3T. Esta propuesta plantea
que las especies trivalentes persisten durante la metilacion, y que tras este proceso se produce

la oxidacidn de las especies trivalentes a las pentavalentes.
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Absorcion

* Inhalacién: absorcién de las particulas
depositadas en los pulmones.

* Ingestion: principalmente absorcién
gastrointestinal

Distribucién

* Répida distribucion (en plasma o unido a
hemoglobina).

* Acumulacién principalmente en higado, pero
también rifiones y pulmones

Metabolismo

* Principalmente en el higado.
* Ver dos propuestas de secuencias metabdlicas en
Figura 4.

Eliminacion
* Principalmente a través del sistema urinario,

excrecion por la orina.
* Un porcentaje pequefio se excreta por las heces.

Figura 4 Toxicocinética del arsénico.

Nota: Elaboracion propia. Imagenes: shutterstock y Flaticon.
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Tras este proceso de biotransformacion, el iAs y los diferentes metabolitos son excretados a
través del sistema urinario. Las proporciones de metabolitos observadas en orina son 60-80%
para DMA, 10-20% para MMA y 10-30% para iAs sin metilar (Vahter, 1999). Las concentraciones
relativas de los metabolitos en la orina se emplean, actualmente, como un reflejo de la eficiencia
en la metilacidon del iAs, especialmente en poblaciones expuestas a altos niveles de iAs a través

del agua potable (Vahter, 1999).

La biotransformacion del iAs esta considerada un mecanismo de detoxificacién. No obstante, se
ha demostrado una alta reactividad y toxicidad de compuestos intermedios, como el MMA
(Vahter, 2002). Diferentes factores parecen influenciar en la eficiencia en la metilacion del iAs,
como la edad, el sexo o el consumo de alcohol y tabaco (Shen et al., 2016; Tseng, 2008) o la co-
exposicion de otros elementos como el selenio (Se), el Mn , el zinc (Zn) o el cadmio (Cd) (G. F.
Nordberg et al., 2005; Rahman et al., 2019; H. Sun et al., 2014; Valeri et al., 2017). Ciertos factores
nutricionales parecen relacionarse con un metabolismo mas eficiente, especialmente aquellos
micronutrientes involucrados en el OCM, como las vitaminas Bg y Biy, la betaina, la colina y el
acido fdlico (Abuawad et al., 2021; Bozack et al., 2019; Gamble et al., 2006; Heck et al., 2007;
Howe et al., 2017; Kurzius-Spencer et al., 2017; Laine et al., 2018; Spratlen et al., 2017). Por
ultimo, la gestacién parece ser un periodo durante el cual aumenta la eficiencia del metabolismo
del iAs, observando un aumento en la excrecién de DMA al final del periodo gestacional (Gao

et al., 2019; Hopenhayn et al., 2003).

Respecto a las formas mas complejas de As, la AB parece excretarse sin cambios a través de la
orina. Sin embargo otros compuestos, como los arsenoazlcares y los arsenolipidos parece que
son metabolizados, produciendo DMA (European Food Safety Authority, 2009; Molin et al., 2012;
Taylor et al., 2017).

1.3.4. Efectos en salud por exposicion a arsénico en poblacién general

El arsénico es un toxico sistémico capaz de causar efectos adversos en multiples érganos (Agency
for Toxic Substances and Disease Registry, 2007). Numerosos estudios epidemioldgicos han
evidenciado diferentes efectos sobre la salud por exposiciones tanto agudas como croénicas.
Aunque la mayoria de los estudios se han realizado en poblaciones expuestas a altos niveles a iAs,
sobre todo a través del agua potable, en los Ultimos afios estd aumentando la evidencia de efectos
relacionados con exposiciones a niveles mas bajos. A continuacién, se describen los efectos que

se han relacionado con la exposicion a este téxico.

Cancer: en el afio 2009, la International Agency for Research on Cancer (IARC) clasifico el As y los

compuestos de iAs como carcindgenos para el ser humano (International Agency for Research on
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Cancer, 2012). La exposicidén a este compuesto se ha relacionado con un incremento del riesgo
de cancer de piel, pulmén, vejiga, rifidn prostata e higado (Boffetta y Borron, 2019; Saint-Jacques
etal., 2014). Ademas, varios metaanalisis de estudios epidemioldgicos obtuvieron como
resultado una relacion directa entre el %MMA en orina y el riesgo de padecer cancer de vejiga,
urotelial y de pulmén. De la misma manera, esta relacion fue inversa entre el %DMA vy el riesgo

de desarrollar cancer de pulmén (Di Giovanni et al., 2020; Gamboa-Loira et al., 2017).

Enfermedades cardiovasculares: se ha observado un aumento del riesgo de desarrollar
enfermedades cardiovasculares, coronarias, ictus y enfermedad arterial periférica, asi como un
aumento en la mortalidad por patologia cardiovascular en poblaciones con una alta exposicion a
As a través del agua potable (>50-150 pg/L) (Moon et al., 2012; Tsuji et al., 2014). A niveles mas
bajos, se ha observado una relacion con la incidencia de patologias cardiovasculares y coronarias
(Moon etal., 2017). Un reciente metaandlisis ha evidenciado un aumento del riesgo de
enfermedades cardiovasculares en exposiciones por debajo del limite establecido por la OMS (10
ug/L) (Xu et al., 2020). Por su parte, en un estudio longitudinal se asocié una baja eficiencia en la
metilacidn del As (indicada por mayores %MMA y menores %DMA) con un aumento del riesgo
de padecer enfermedad coronaria (Chen et al., 2013). Finalmente, se ha evidenciado un aumento
de la presién arterial sistdlica y de las concentraciones de lipoproteina de baja densidad (LDL)

relacionada con mayores concentraciones de As (Zhao et al., 2021; Zhao et al., 2021).

Enfermedades y sintomas respiratorios: se ha observado una relacion dosis-respuesta entre la
exposicion a As (medido en agua potable y en orina) y un déficit en la funcién pulmonar. Asi
mismo se ha observado que la exposicidon a As aumenta la probabilidad de padecer sintomas

respiratorios, como tos, disnea, asma y sibilancias (Sanchez et al., 2016).

Diabetes: en este caso, los resultados de una revision sistematica muestran una asociacion entre
una mayor eficiencia en la metilaciéon del As (menor %MMA y mayor %DMA) y un aumento del

riesgo de desarrollar diabetes o sindrome metabdlico (Kuo et al., 2017)

Lesiones en la piel: se ha descrito una relacién directa entre la exposicion a As y la aparicion de
lesiones en la piel. Asi mismo, una peor eficiencia en la metilacién del iAs (mayor %MMA y/o

menor %DMA) se ha asociado con el desarrollo de este tipo de lesiones (Karagas et al., 2015).

Efectos neuroldgicos: estudios transversales han observado efectos adversos en la funcion
sensorial, asi como un mayor riesgo de padecer neuropatia periférica (Agency for Toxic
Substances and Disease Registry, 2016). Ademas, un estudio realizado en EEUU relaciond la
exposicion a As con peores puntuaciones en el lenguaje, funcidén ejecutiva, cognicion global y
velocidad de procesamiento entre otros. No obstante, la evidencia sobre de la exposicion de As

y efectos neuroldgicos en adultos es todavia limitada (O’Bryant et al., 2011).
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1.3.5. Efectos en salud por exposicion a arsénico durante etapas

vulnerables

1.3.5.1 Efectos en el desarrollo neuropsicolégico por exposicién temprana a As

Solo unos pocos estudios han evaluado con un disefio longitudinal los efectos de la exposicion a
As in utero y el desarrollo neuropsicolégico infantil, obteniendo resultados heterogéneos. En un
estudio llevado a cabo en Bangladesh se encontrd una relacién negativa entre el As total urinario
materno a las 8 y 30 semanas de gestacion (en este estudio, el As total es la suma de iAs, MMA'y
DMA, excluyendo otras formas complejas de As) y las escalas verbal y total de la Escala de
Inteligencia Preescolar y Primaria de Wechsler a los 5 afios. Sin embargo, esta relacion
Unicamente fue significativa en nifias (Hamadani et al., 2011). En la misma cohorte, el As prenatal
se asocid de manera negativa con las escalas de comprension verbal, velocidad de
procesamiento, razonamiento de procesamiento y la puntuacién total de desarrollo, evaluado
mediante la Escala de Inteligencia de Wechsler para nifios y nifias a los 10 afios de edad. No
obstante, el efecto en estas dos Ultimas escalas Unicamente fue significativo en nifias (Vahter

et al., 2020).

Un estudio de cohortes realizado en Nepal no encontré evidencia de asociacion entre el As total
de la sangre del cordon umbilical y el neurodesarrollo infantil al nacimiento, 6, 24 y 36 meses de
edad (Parajuli et al., 2013, 2014, Parajuli et al., 2015a; Parajuli et al., 2015b). Por otro lado, en un
estudio realizado en poblacidn espafiola observd una asociacién negativa entre los niveles de As
total placentario y las puntuaciones en las escalas ejecutiva y verbal de las Escalas McCarthy de
Habilidades Infantiles (MSCA) (Freire et al., 2018). En todos los estudios el biomarcador utilizado
para evaluar la exposicion fue el As total (suma de formas orgénicas e inorganicas) o la suma de

las concentraciones de iAs y las formas metiladas (DMA y MMA).

Respecto a la exposicidn postnatal a As, los posibles efectos en el neurodesarrollo infantil han
sido igualmente evaluados durante las Ultimas dos décadas, especialmente en areas con una alta
exposicion a As a través del agua potable. Los resultados de estos estudios, la mayoria de disefio
transversal, son también poco consistentes. En estudios realizados en Bangladesh (Parvez et al.,
2011; Wasserman et al., 2011, 2016, 2018), India (Von Ehrenstein et al., 2007) y México (Calderdn
et al., 2001; Rocha-Amador et al., 2007; Rosado et al., 2007) se ha observado una relacién inversa
entre los niveles de As medidos en sangre y diferentes funciones motoras y cognitivas durante la
etapa escolar y la adolescencia. Otros estudios no encontraron ninguna relacion entre la
exposicion postnatal a As y el neurodesarrollo infantil. Por ejemplo, en el estudio de Wasserman

et. al (2014), realizado en Maine (EEUU), no se observd ninguna relacién entre las
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concentraciones de As total medido en ufias y el desarrollo cognitivo (inteligencia). Finalmente,
un estudio realizado en Uruguay, no encontré ninguna asociacion significativa entre el As total
medido en orinay ninguna de las escalas de evaluacién cognitiva en nifios y nifias entre 5y 8 afios

(Desai et al., 2018).

De la misma manera que en la evaluacion de la exposicidn prenatal a As, el biomarcador utilizado
en todos los estudios presentados es As total medido generalmente en orina. Sin embargo, en un
estudio realizado en Espafia con una submuestra de nifios y nifias de la cohorte INMA se analizo
la suma de DMA, MMA e iAs (5As) en muestras de orina recogidas a los 4 afios. Aqui se observé
una asociacion negativa con las escalas motora global, motora fina y de memoria de trabajo (en

nifios) y motora gruesa (en nifias) (Signes-Pastor et al., 2019).

1.3.5.2 Otros efectos en salud por exposicién temprana a As

Ademads de efectos en el desarrollo neuropsicoldgico, se ha observado que la exposicién prenatal

y postnatal a As puede tener un impacto en otros resultados en salud durante la infancia.

Enfermedades y sintomas respiratorios: la exposicion a As durante el embarazo se ha asociado
con unaumento en la presencia de sintomas respiratorios (sibilancias, asma, tos y disnea) durante
la infancia y la edad adulta. Asi mismo, también se ha relacionado con un aumento de las
infecciones respiratorias en los primeros afios de vida (Sanchez et al., 2016; Signes-Pastor,
Martinez-Camblor, et al., 2021). Otros efectos negativos sobre la funcién respiratoria también se
ha relacionado con la exposicién a As durante la infancia, como la aparicién de sintomas
respiratorios (por ejemplo, tos), asi como un mayor riesgo de padecer rinitis alérgica; sin embargo

la evidencia es menos concluyente (Sanchez et al., 2016).

Resultados adversos gestacionales: un metaandlisis de estudios epidemioldgicos ha observado un
incremento del riesgo de aborto espontdneo y muerte fetal, especialmente relacionado con

exposiciones altas a As a través del agua potable (>50ug/L) (Quansah et al., 2015).

Antropometria al nacimiento y durante la infancia: la exposicién materna a As durante el
embarazo, sobre todo a niveles altos, parece relacionarse con una disminucién del pesoy la talla
al nacimiento. También se ha observado una disminucion del perimetro cefélico (Quansah et al,,
2015; Zhong et al., 2019). Respecto a la exposicidon postnatal, en dos estudios realizados en
Bangladesh se observd una relacion inversa entre la exposicion postnatal a As y el peso y la talla,
especialmente en nifias, asi como un mayor riesgo de bajo peso (Alao et al., 2021; Gardner et al,,

2013).
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1.3.6. Niveles de referencia y valores limite de As

Actualmente no existe una ingesta tolerable de As y/o iAs establecida. En el 2009, la EFSA hizo
una revision sobre la exposicion a As en Europa y publicé un informe concluyendo que la ingesta
semanal tolerable provisional establecida en 1988 por el Comité Mixto FAO / OMS de Expertos
en Aditivos Alimentarios (JECFA) de 15 ug/kg/peso corporal no era apropiada. En el mismo
informe, el Panel de la EFSA sobre contaminantes en la cadena alimentaria (Panel CONTAM)
establecio una dosis de referencia de exposicién (benchmark dose lower level [BMDLO1], para un
aumento del 1% en el riesgo de cancer de pulmodn, piel y vejiga, asi como de lesiones cutdneas)
de entre 0,3 y 8 pg/kg de peso corporal/dia (European Food Safety Authority, 2009).
Posteriormente, JECFA establecié un BMDLO5 de 3,0 pg/kg de peso corporal/dia (rango 2-7) para
un incremento del cancer de pulmén (Joint FAO/WHO Expert Committee on Food Additives,

2011) (Tabla 2) .

Por su parte, con el objetivo de reducir la exposicion a este toxico, la Comision Europea ha
establecido unos limites maximos de As en arroz y productos derivados de este alimento (Tabla
2). Asi mismo, el Consejo de la Unién Europea establecido en 1998, y consolidé en 2015, un
maximo de 10 pg/L de As en agua de consumo humano (Council of the European Union, 2015),
siendo el mismo valor maximo recomendado por la Organizacion Mundial de la Salud en el afio

2003 (World Health Organization, 2017).

Finalmente, la Agencia Europea de Sustancias Quimicas establecid un valor de referencia
bioldgica (BGV) para dmbitos ocupacionales de 10 ug/L en orina basado en el percentil 95 de los
datos de la poblacién general establecidos para la suma de iAs, DMA y MMA (European Chemical
Agency, 2017). Este mismo valor ha sido establecido por el Instituto Nacional de Seguridad Salud
y Bienestar en el Trabajo en Espafia (Instituto Nacional de Seguridad Salud y Bienestar en el

Trabajo, 2018)
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10 pg/L
Arroz elaborado (arroz pulido o blanco), no sancochado 0,20 mg/kg
Arroz sancochado y arroz descascarado 0,25 mg/kg
Tortitas, obleas, galletitas y pasteles de arroz 0,30 mg/kg
Arroz destinado a la produccion de alimentos para lactantes y 0,10 mg/kg

nifios de corta edad

3 ug/kg peso corporal/ dia (rango 2,7-7,0)

0,01 mg/m3

35 ug As/ | (iAs + DMA+MMA en orina)

Tabla 2. Niveles de referencia y valores limites de As.
Nota: * Council Directive 98/83/EC, 2015; OMS, 2017; 2 Comisidn Europea, 2015; 3 JEFSA, 2011; 4Instituto Nacional de

Seguridad Salud y Bienestar en el Trabajo, 2018.
* Acido arsénico y sus sales, As elemental, compuestos inorganicos solubles de As.
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1.4. EL PROYECTO INFANCIA'Y

MEDIO AMBIENTE (INMA)

La presente tesis doctoral se enmarca en el Proyecto INMA (http://www.proyectoinma.org/). Esta

red de investigacion cooperativa se constituyd en el afio 2003. Los principales objetivos del

proyecto son:

e Describir el nivel de exposiciones prenatales individuales a contaminantes ambientales y
las dosis internas de estos contaminantes durante la gestacion, el nacimiento y durante
la infancia hasta la adolescencia en Espafia.

e Evaluar el impacto de la exposicion pre y postnatal a diferentes contaminantes
ambientales en el crecimiento, la salud y el desarrollo de los nifios y las nifias, desde las
etapas tempranas fetales y a lo largo de su vida.

e Evaluar como los factores genéticos y nutricionales pueden modificar los efectos de los

contaminantes ambientales en la salud y el crecimiento infantil.

Esta red estd formada por siete cohortes (Ribera d’Ebre, Menorca, Granada, Sabadell, Asturias,
Gipuzkoa y Valencia), en las cuales participan mas de 3900 mujeres embarazadas y sus recién
nacidos (Guxens et al., 2012) (Figura 6). Los criterios de inclusién fueron: pertenecer al drea de
estudio de cada cohorte, tener un minimo de 16 afios, tener un embarazo Unico, no haber
seguido ningun programa de reproduccion asistida, intencidén de continuar el seguimiento y dar

aluz en el hospital de referencia y no tener problemas de comunicacion.

Asturias

Gipuzkoa

>
Sabadell

Flix

Menorca

&

Valencia

Granada
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Figura 6. Localizacion de las areas de estudio de las cohortes del Proyecto INMA.

Nota: elaboracion propia. Fuente: adaptado de www.proyectoinma.org
En todas las

cohortes

participantes se realizé un seguimiento prospectivo de las mujeres embarazadas hasta el
momento del parto. Con el nacimiento, sus hijos e hijas comenzaron a formar parte de la cohorte
de participantes. Durante las visitas de evaluacion realizadas a lo largo de la infancia (nacimiento,
6y 14 meses y 4-5, 7-8, 9-10, 11-12 y 14-16 afios) se han evaluado diferentes aspectos del
desarrollo y salud infantil. Durante estas visitas se han recogido muestras bioldgicas vy
ambientales, ademds de informacion sociodemografica, clinica, ambiental, dietética y otros
habitos de vida, a través de cuestionarios y exploraciones fisicas (ver Figuras 7 y 8). Gracias a esta
informacién ha sido posible plantear, entre otras hipotesis, la influencia de la exposicidn a metales

en el desarrollo fetal y la salud infantil (Guxens et al., 2012).

Para la realizacion de la presente tesis, los participantes incluidos proceden de las cohortes de

Gipuzkoa y Valencia.

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Ribera EmP 1416
d’Ebre

Menorca  Em®

L A

Granada Emb 1416

” Emb 14-16
Valencia oy

Sabadell Emb 1416

Asturias Emb 112

Gipuzkoa

Figura 7. Periodos de seguimiento en las cohortes del Proyecto INMA.

Nota: Elaboracion propia. Fuente: www.proyectoinma.org

Embarazo Nacim. 1-2a 45a 78a 9-10a 11-12a 14-16a

T 3T

Cuestionarios

Muestras biologicas

Evaluacion del neurodesarrollo

Evaluacion respiratoria

Medidas antropométricas

Evaluacion presion arterial

Figura 8. Informacion recogida en cada visita de seguimiento del proyecto INMA.

Nota: Elaboracién propia. Fuente: www.proyectoinma.org

34



35

CAPITULO I. INTRODUCCION



CAPITULO II. JUSTIFICACION

36



37



CAPITULO Il. JUSTIFICACION

2. JUSTIFICACION

Tanto el periodo prenatal como los primeros afios de vida constituyen una etapa especialmente
vulnerable a la exposicion a neurotéxicos, incluso a niveles inocuos para los adultos. Los efectos
gue se producen durante este periodo condicionan el desarrollo y la calidad de vida a lo largo de
toda la vida. Ademas, dicha exposicion, podria provocar cambios permanentes que pueden dar
lugar a la aparicion de efectos adversos durante la vida adulta. Sin embargo, esta etapa vulnerable
también es una ventana de oportunidad para poder poner en marcha estrategias de proteccion,
prevencion y promocién de la salud que permitan minimizar los posibles efectos sobre el

desarrollo neuropsicoldgico infantil.

Como se ha comentado en la introduccidn, existe evidencia de que la exposicion a As y niveles
altos de Mn pueden causar efectos adversos sobre la salud. Diversos estudios epidemioldgicos
han observado que esta exposicion a As durante la etapa prenatal, o a niveles inadecuados de
Mn podrian tener un impacto sobre el desarrollo neuropsicolégico durante la infancia. Sin
embargo, la mayoria de estos estudios se han realizado en dreas donde la exposicion ambiental
a estos compuestos es alta. Actualmente, se sabe muy poco sobre el efecto que puede producir
la exposicion prenatal a estos elementos en zonas donde el nivel de exposicion ambiental es bajo,

como en Espafa.

A la falta de evidencia en dreas de baja exposicion se unen problemas o deficiencias
metodoldgicas. Este es el caso de la evaluacién de la exposicion a As, donde la mayoria de los
estudios han evaluado como biomarcador de exposicién el As total o la suma de DMA, MMA e
iAs, lo que puede llevar a cierta imprecision en la evaluacion, especialmente cuando la mayoria
de la exposicion es a formas de As consideradas como no tdxicas procedentes del pescado.
Ademds, existen muy pocos estudios que evallen la eficiencia en la metilacién del Asy su relacién
con el desarrollo neuropsicolégico infantil. Por su parte, aunque el Mn es un elemento esencial
necesario para el correcto funcionamiento y desarrollo fisioldgico, la evidencia sobre cuales son
los niveles adecuados a este compuesto es todavia insuficiente. Aumentar el conocimiento en
este sentido podria, igualmente, proporcionar informacién valiosa para detectar grupos de

poblacion vulnerables e implementar estrategias de salud publica.

El Proyecto INMA ofrece la oportunidad de ayudar a responder las cuestiones planteadas. Su

caracter multicéntrico y longitudinal, asi como la exhaustiva recogida de gran variedad de
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informacion durante los diferentes seguimientos, permite estudiar la relacion entre la exposicion
prenatal a estos compuestos y el impacto en el desarrollo neuropsicoldgico infantil, teniendo en
cuenta los diversos factores que puedan estar implicados en dicha relacion. Asi mismo, este
estudio de cohortes nos ofrece la oportunidad de conocer los factores relacionados con la
exposicion a ambos compuestos durante el periodo prenatal, asi como la relacion que pueda

existir entre ellos.
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3.1 HIPOTESIS

Hipdtesis 1: la exposicion a Mn durante el embarazo se asocia con un retraso en el desarrollo

neuropsicoldgico infantil.

Hipdtesis 2: la exposicidn a As y a sus diferentes metabolitos durante el embarazo se asocia con

un retraso en el desarrollo neuropsicoldgico infantil.

Hipdtesis 3: una peor eficiencia en la metilacién del As durante el embarazo se asocia con un

retraso en el desarrollo neuropsicolégico infantil.

Hipdtesis 4: los niveles de ciertos nutrientes y elementos, como el selenio y el hierro, modifican

la asociacién de la exposicidn prenatal a Mn sobre el desarrollo neuropsicolégico en la infancia.

Hipétesis 5: los niveles de ciertos nutrientes y elementos, como el selenio, zinc, y vitaminas del
grupo B, modifican el efecto de la eficiencia en la metilacion del arsénico, sobre el desarrollo

neuropsicoldgico en la infancia.

Hipdtesis 6: los niveles de Mn durante el embarazo modifican la asociacion de la exposicién

prenatal a As sobre el desarrollo neuropsicolégico en la infancia.
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3.2 OBJETIVOS

3.2.1 Objetivo general

Estudiar la relacion entre la exposicion prenatal a Mny a As y la aparicion de efectos adversos en
el desarrollo neuropsicoldgico infantil en los participantes de las cohortes INMA de Valencia y

Gipuzkoa.

3.2.2 Objetivos especificos

Objetivo especifico 1: describir las concentraciones de manganeso en muestras de suero materno

recogidas durante el primer trimestre del embarazo.

Objetivo especifico 2: estudiar los factores sociodemograficos, ambientales y dietéticos que se

relacionan con las concentraciones de manganeso durante el embarazo.

Objetivo especifico 3: evaluar la relacion entre las concentraciones prenatales de manganeso y el

desarrollo neuropsicoldgico de los niflos y nifias al aflo de edad.

Objetivo especifico 4: estudiar la modificacion de efecto producida por el sexo, los niveles
maternos de ciertos elementos, asi como la ingesta de vitaminas durante el embarazo en la
relacion entre la exposicion prenatal a manganeso y el desarrollo neuropsicolédgico de los nifios y

nifias al afio de edad.

Objetivo especifico 5: describir las concentraciones de arsénico total y sus diferentes metabolitos
(AB, DMA, MMA e iAs) en muestras de orina materna recogida durante el primer trimestre del

embarazo.

Objetivo especifico 6: analizar y describir la eficiencia en la metilacion del arsénico durante el

primer trimestre del embarazo.

Objetivo especifico 7: estudiar los factores sociodemograficos, ambientales y dietéticos que se

relacionan con las concentraciones de arsénico y sus diferentes metabolitos durante el embarazo.

Obijetivo especifico 8: estudiar los factores sociodemograficos, ambientales y dietéticos que se

relacionan con la eficiencia en la metilacién del As durante el embarazo.
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Obijetivo especifico 9: evaluar la relacion entre las concentraciones prenatales de arsénico y sus

metabolitos y el desarrollo neuropsicoldgico de los nifios y nifias a los 4-5 afios de edad.

Obijetivo especifico 10: evaluar la relacién entre la eficiencia en la metilacion del arsénico en el

embarazo y el desarrollo neuropsicoldgico de los nifios y nifias a los 4-5 afios de edad.

Objetivo especifico 11: estudiar la modificacién de efecto producida por el sexo, los niveles
maternos de ciertos nutrientes y elementos (selenio, hierro, zinc, y ciertas vitaminas del grupo
B), y la exposicidon a otros metales toxicos (cadmio y mercurio) en la relacion entre la eficiencia
en la metilacion del arsénico y el desarrollo neuropsicoldgico de los nifios y nifias al 4-5 afios de

edad

Objetivo especifico 12: estudiar la modificacion de efecto producida los niveles maternos de
manganeso en la relacion entre la exposicidn prenatal a arsénico y sus metabolitos, asi como la
eficiencia en la metilacion del arsénico y el desarrollo neuropsicoldgico de los nifios y nifias al 4-

5 afios de edad
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4.1 POBLACION DE ESTUDIO

La poblaciéon de estudio incluyd las mujeres embarazadas reclutadas en las cohortes de Valencia
(afios de reclutamiento: 2003-2005) y Gipuzkoa (afios de reclutamiento: 2006-2008), y sus hijos
e hijas. Para el reclutamiento en ambas cohortes se utilizé un protocolo comun. Las mujeres
fueron captadas mediante muestreo consecutivo durante la primera visita de control del
embarazo en el hospital. Se incluyeron todas aquellas mujeres que aceptaron participar y que
cumplian los criterios de inclusion: tener al menos 16 afios, embarazo Unico, sin tratamiento de
fertilizacion para el presente embarazo, no presentar problemas para la comunicacién y que
tuvieran previsto realizar el seguimiento programado y dar a luz en dicho hospital. Se reclutaron
1493 mujeres que fueron monitorizadas durante el embarazo hasta el momento del parto, a
partir de este momento fueron sus hijos e hijas los que se incluyeron en la cohorte de nacimiento

(n=1399).

La informacién sobre el seguimiento y flujo de participantes, pérdidas y tamafio muestral total y
por cohorte/drea de estudio para cada uno de los articulos que componen la tesis puede

consultarse en la Figura 9.

El protocolo de estudio fue aprobado por el Comité de Etica del Hospital Universitario La Fe, el
Comité de Etica del Centro Superior de Investigacion en Salud Publica de Valencia (Valencia) y el
Comité de Etica del Hospital Donostia (Gipuzkoa). EI consentimiento informado con respecto al
periodo prenatal fue firmado por la madre y en cada fase del periodo posnatal se firmé el

consentimiento adicional por uno de los padres o un representante legal.
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Mujeres embarazadas
reclutadas

1493

(638 Gipuzkoa + 855 Valencia)

94 mujeres no siguieron en el
estudio
(29 pérdidas de seguimiento, 39se & ---------------o---
retiraron, 21 abortos espontaneos
v 5 muertes fetales)

Recién nacidos seguidos en el
nacimiento

1399
(612 Gipuzkoa + 787 Valencia)

91 pares madre-nifio/a no
siguieron en el estudio

(6 fallecimiento infantil, 5 (===

pérdidas de seguimiento, 80 se
retiraron)
Pares madre-nifio/a
seguidos al afio de edad
1308
221 pares madre-nifio/a no (500 Gipuzkoa + 708 Valencia)
siguieron en el estudio

(52 no realizan visita a los 4 afios e

(pero contindan en el proyecto),
14 perdidas de seguimiento, 151
se retiraron, 4 otros motivos)

Pares madre-nifio/a
seguidos a los 4-5afiosde edad

. Tamafo muestral articulo |

. Tamafio muestral articulo Il

1087

(531 Gipuzkoa + 556 Valencia)

Tamafio muestral articulo 1l

l Mujeres embarazadas con I

de especiesde
urinarias disponibles en el
primer trimestre

1017
(417 Gipuzkoa + 600 Valencia)

\_ J

( Pares madre-hijocon \

concentraciones de Mn en suero
disponibles en el primer
trimestre y evaluacion del
desarrolloneurclogicoal afiode
edad

1179

7

i (534 Gipuzkoa + 645 Valencia) ‘

Pares madre-hijo con
de especies de
urinarias disponibles en el
primer trimestre y evaluacion del
alos4-5
afios

807

(340 Gipuzkoa + 467 Valencia)

Figura 9. Diagrama de flujo del seguimiento de las personas participantes y tamafio muestral en cada uno de los

estudios que forman la presente tesis.
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4.2 VARIABLES DE ESTUDIO

4.2.1 Variables de exposicion

4.2.1.1 Andlisis del manganeso prenatal (Articulo Il)

Se midio la concentracién de Mn en muestras de suero materno recogidas al final del primer
trimestre del embarazo. Tras la extraccién de sangre venosa y posterior separacion del suero
mediante centrifugacion, las muestras se almacenaron a -802C y se transportaron congeladas al
Instituto Karolinska (Suecia) para su analisis. Las muestras de suero se prepararon para su analisis
mediante un método de dilucion alcalina directa (Levi et al., 2018). Las concentraciones de Mn
en suero se determinaron mediante espectrometria de masas de plasma acoplado
inductivamente (ICPMS; Agilent 7700x, Agilent Technologies, Tokio, Japdn) equipado con un
sistema de reaccion octopolar con tecnologia de células de colisién/reaccion. El limite de
deteccidon (LOD) para las muestras de Valencia fue de 0,37 pg/Ly para las muestras de Gipuzkoa
0,45 pg/L. Ninguna de las muestras analizadas presentaron concentraciones por debajo del LOD.
La exactitud y precisién de cada analisis se verificé analizando materiales de referencia
disponibles comercialmente. Se observaron variaciones en las concentraciones de Mn
relacionadas con el dia de analisis de laboratorio, por lo que se estandarizaron los niveles de

acuerdo con esta variable.
4.2.1.2 Andlisis y especiacién del arsénico prenatal (Articulo Il y I1I)

Las concentraciones de As total y sus metabolitos se determinaron en muestras de orina
recolectadas en el primer trimestre del embarazo. Tras su recoleccidn, las muestras de orina se
mantuvieron congeladas a -80 ° C hasta el momento de ser transportadas al Instituto de Quimica

de la Universidad de Graz (Austria) para su analisis.

Las concentraciones de As total se determinaron con un espectrometro de masas en tandem de
plasma acoplado inductivamente (ICPMS/MS, 8800, Agilent Technologies, Waldbronn, Alemania)
con oxigeno como gas de reaccion a m/z 75 = 91. La separacién cromatogréfica de los
compuestos de As se realizd de acuerdo con un método previamente validado (Scheer et al.,
2012). Para la especiacién de As se empled cromatografia liquida de alta resolucion (HPLC, 1200,

Agilent Technologies) acoplada a ICPMS/MS (8800, Agilent Technologies).

Los LOD de AB, DMA, MMA e iAs para las muestras de Valencia fueron de 0,02, 0,02, 0,03 y
0,03 pg/L y para las muestras de Gipuzkoa fueron de 0,02, 0,03, 0,03 y 0,02 pg/L. Cuando las

50



CAPITULO IV. METODOLOGIA GENERAL

muestras estaban por debajo del LOD, se asigné % LOD para el analisis estadistico (2,8% de las

muestras para los niveles de MMA y 2,3% de las muestras para los niveles de iAs).

4.2.2 Variables de resultado

4.2.2.1 Evaluacidén del desarrollo neuropsicolédgico a los 12-14 meses del nacimiento

(Articulo 1)

El desarrollo cognitivo y psicomotor se evalué mediante las Escalas de Desarrollo Infantil de
Bayley (BSID) versién | (Bayley, 1977), compuestas por las escalas mental y psicomotora. La escala
mental evalla el desarrollo mental apropiado para la edad en areas cognitivas como la capacidad
de desempefio, la memoria y el primer aprendizaje verbal. La escala psicomotora evalla el
desarrollo psicomotor fino y grueso. Puntuaciones mas altas en las escalas indican un mejor
desarrollo. Todas las pruebas fueron realizadas por psicodlogos capacitados en presencia de su
madre. Para limitar la variabilidad interobservador, se aplicd un protocolo estricto, que incluyo
sesiones de entrenamiento donde se cuantificaron las diferencias interobservador y el uso de tres
conjuntos de controles de calidad (pruebas de confiabilidad interobservador). La confiabilidad
entre evaluadores estimada por correlacion intraclase fue 0,90 para las puntuaciones de las
pruebas mentales y 0,91 para las puntuaciones de las pruebas psicomotoras. Las puntuaciones
se estandarizaron por la edad del nifio (dias) en el momento de administracién de la pruebay por
psicologo. A continuacion, se tipificaron los residuos estandarizados teniendo una media de 100

puntos (desviacién estandar [DE]= 15) para homogeneizar las escalas.
4.2.2.2 Evaluacién del desarrollo neuropsicolégico a los 4-5 afios (Articulo lll)

El neurodesarrollo a los 4-5 afios de edad se evalud a través de las Escalas de Habilidades
Infantiles McCarthy (MCSA) adaptadas a la poblacién espafiola (McCarthy, 2009), compuestos
por una escala global y cinco escalas de subdreas. La escala verbal se refiere a tareas cognitivas
relacionadas con el procesamiento de informacion verbal; la escala de habilidades numéricas; la
escala perceptivo-manipulativa se refiere a las tareas cognitivas relacionadas con el
procesamiento de la informacién perceptiva, incluida la ejecucién manual; la escala de memoria
considera la retencién de informacién a corto plazo (verbal, visual o numérica); y la escala motora
se refiere a habilidades finas (por ejemplo, dibujo) y gruesas (por ejemplo, equilibrio o precision).
La suma de las tres primeras escalas proporciona la escala general cognitiva. Ademas, se utilizaron
cuatro subdreas de nueva construccion para evaluar las tareas cognitivas asociadas a la funcién
ejecutiva (motricidad gruesa y fina, funcién ejecutiva y memoria de trabajo) (Julvez et al., 2011).

Puntuaciones mas altas en la escala general y las subescalas indican un mejor desarrollo.
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Todas las pruebas fueron realizadas por psicdlogos capacitados. Para limitar la variabilidad
interobservador, se aplicé un protocolo estricto que incluia entrenamientos interobservadores
(variabilidad interobservador evaluada por las correlaciones de Pearson fue inferior <5%). La
consistencia interna de las subescalas de MSCA se evalud utilizando el coeficiente alfa de
Cronbach obteniendo valores que van desde 0,64 (motor) a 0,90 (indice cognitivo global). Las
puntuaciones se estandarizaron por la edad del nifio (dias) en el momento de administracién de
la pruebay por psicélogo. A continuacion, se tipificaron los residuos estandarizados teniendo una

media de 100 puntos (DE = 15) para homogeneizar las escalas.

4.2.3 Covariables

Las covariables utilizadas en cada articulo pueden consultarse en la Tabla 3.

4.2.3.1 Variables sociodemograficas, ambientales y clinicas obtenidas mediante

cuestionario

Durante el embarazo, las mujeres completaron dos cuestionarios en el primer y tercer trimestre
de gestacidon. Los cuestionarios fueron administrados por entrevistadores entrenados. Estos
cuestionarios se centraron en informacién sociodemografica, ambiental y de estilos de vida

durante el embarazo.

De la misma manera, se recogid informacién mediante cuestionarios sobre variables
sociodemografica, ambiental y de estilos de vida al afio y los 4-5 afios, coincidiendo con las

evaluaciones del desarrollo neuropsicolégico.
4.2.3.2 Variables dietéticas

La informacion dietética durante el embarazo se recogid a través de un cuestionario
semicuantitativo de frecuencia alimentaria (CFA) administrado en el primer y tercer trimestre.
Este CFA ha sido validado con buena reproducibilidad para la ingesta de nutrientes y alimentos
(Vioque et al., 2013). Para los estudios realizados en la presente tesis, Unicamente se ha utilizado
la informacion derivada del CFA del primer trimestre, debido a la proximidad temporal a la
medicidn de los biomarcadores de interés (Mn y As). Los items constan de nueve respuestas
posibles, con un rango desde "nunca o menos de una vez al mes" hasta "seis o mds por dia". Cada
alimento tiene un tamafio de porcion especifico, lo que sirve para calcular la ingesta diaria
promedio en gramos para cada participante (gramos/dia). Los grupos de alimentos utilizados han
sido: lacteos, huevos, carnes (en total y categorizada en carne roja y blanca), pescados y mariscos

(en total y categorizadas en pescado blanco, pescado azul y marisco y moluscos), frutas, verduras,
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legumbres, frutos secos, patatas, cereales y pan, y café y otras infusiones. También se obtuvo
informacién sobre el consumo de agua del grifo. Las ingestas ajustadas por energia se calcularon

utilizando el método de residuos (Vioque et al., 2013).

Laingesta dietética de ciertos nutrientes (folato, dcido félico, vitaminas B1, y Bs, Fe y Zn) se estimé
utilizando tablas de composicion de alimentos (Palma etal, 2008; U.S. Department of
Agriculture: Agricultural Research Service USDA, 2007). También se recopilé informacion sobre la
ingesta de suplementos (nombre de marca, dosis y composicion), que se convirtié en dosis diaria

de ingesta de nutrientes y se agregd al célculo de la ingesta diaria total de nutrientes.
4.2.2.3 Otros biomarcadores

Las concentraciones de Se en suero materno recogido durante el primer trimestre del embarazo
se determinaron mediante espectrometria de masas de plasma acoplado inductivamente con el
sistema celular de colisién/reaccion en modo hidrégeno. La cuantificacion de los niveles
plasmaticos maternos de ferritina se realizé mediante fluoroinmunoensayo (DELFIA Ferritin kit
A069-101) en la cohorte de Gipuzkoa y mediante inmunoturbidimetria en analizadores Beckman
Coulter AU en Valencia. Las concentraciones de Cd y Zn se determinaron mediante ICPMS en
muestras de orina recogidas en el primer trimestre del embarazo. Las concentraciones de
creatinina se midieron en la misma muestra de orina mediante la prueba DRI® Creatinine-

Detected® utilizando AV680 de Beckman Coulter.

4.2.2.4 Evaluacion de la exposicidn a contaminacidon atmosférica

Se evaluaron las exposiciones ambientales a didxido de nitrégeno (NO;) y PM;s durante el
embarazo. No obstante, la informacién utilizada para la presente tesis se refiere a la exposicion
durante el primer trimestre del embarazo. Las concentraciones de NO; se utilizaron para estimar
la exposicion individual a la contaminacion atmosférica relacionada con el trafico y se midieron
mediante muestreadores pasivos (Radiello, Fundazione Salvatore Maugeri, Padua, ltalia)
distribuidos segun criterios geograficos y de densidad de poblacién. Los muestreadores
permanecieron expuestos durante cuatro periodos de muestreo de siete dias cada uno. Con los
resultados de los captadores pasivos y de datos de sistemas de informacion geografica (GIS, por
sus siglas en inglés, “Geographical Information Systems”): altitud, distancia a carreteras, se
construyeron modelos de regresién de usos del suelo (LUR, por sus siglas en inglés, “land use
regression”) utilizando técnicas de geoestadistica para obtener las estimaciones espaciales de
contaminantes en las areas de estudio. Para el calculo de la exposicién individual de cada
participante durante el embarazo, se obtuvieron las estimaciones espaciales de NO;
correspondientes a la residencia de cada mujer participante y se ajustaron temporalmente a su

periodo de embarazo utilizando los niveles diarios de NO; obtenidos de las estaciones de la red
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de monitoreo que cubren el drea de estudio. Se puede encontrar mas informacién sobre la
metodologia de evaluacion de exposicién a contaminacion atmosférica en Ifiiguez et.al., (2009) y
Estarlich et.al., (2011, 2016).

Ademas, para la cohorte de Gipuzkoa se evalud la exposicién PM;s. Se realizé la medicion durante
todo el embarazo mediante tres muestreadores de gran volumen Digitel DHA-80. Las
descripciones del area de estudio, la metodologia de monitoreo de la contaminacion del aire y la

cuantificacion de particulas de la calidad del aire en el drea se pueden consultar en Lertxundi

et.al, (2015).

Articulo  Articulo  Articulo

As total y metabolitos (orina)

ERCERZ CETRTC

Continua (ug/L)

Mn (suero) Continua (ug/L)
BSID Continua
MSCA Continua

Variables sociodemogriéficas, ambientales y dietéticas

Area de estudio

Valencia, Gipuzkoa

Estacion toma de muestra

Primavera, verano, otofio, invierno

Edad de la madre

Continua (afios)

Edad del padre

Continua (afios)

Nivel de estudios de la madre Estudios primarios, secundarios,
universitarios
Nivel de estudios del padre Estudios primarios, secundarios,

universitarios

Pais de nacimiento de la madre

Espafia, otro pais
Espafia, Latinoamérica, otro pais

IMC materno antes del embarazo

Continua (kg/m2)
Categodrica (<25, 25530, 230)

Paridad

0,21

Empleo materno

Trabajadora, no trabajadora

Empleo paterno

Trabajador, no trabajador

Clase social parental

|+l (alta), Il (media), IV+V (baja)

Consumo de tabaco materno? Si, no
Consumo de tabaco paterno? Si, no
Consumo de alcohol!* materno Si, no

Area de residencia

Rural, no rural

Proximidad de la residencia a un area
industrial?

Si, no

Articulo  Articulo  Articulo
| 1 11l
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Variables sociodemogréficas, ambientales y dietéticas (cont.)

Proximidad de la residencia a un area
agricola?

Si, no

Frecuencia del trafico cerca de la
residencia?

Continuamente, bastante frecuente,
infrecuente/nunca

Variables dietéticas!

Continua (Raciones/semana %
gramos/dia, ajustadas por calorias).

Estimacidn ingesta nutrientes?!

Continua y categodrica (unidades vy
categorias segun el tipo de nutriente)

Ingesta de suplementos vitaminicos?!

Si, no

Exposicion a PMys !

Continua (pug/m3)

Biomarcadores recogidos durante el embarazo

Selenio suero materno?!

Continua (ug/L)
Categoérica (< 0 > a la mediana)

Zinc orina maternat

Continua (ug/L)
Categoérica (< 0 > a la mediana)

Ferritina suero materno?

<15, > 15 mg/L

Cadmio orina materna?

Continua (ug/L)

Creatinina orina maternat

Edad gestacional

Continua (ug/L)

Continua (semanas)

Sexo del nifio/a

Duracion de la lactancia materna

Nifio, nifia

0 semanas, >0-16 semanas, >16-24
semanas, >24 semanas

Empleo materno

Trabajadora, no trabajadora

Empleo paterno

Trabajador, no trabajador

Consumo de tabaco materno

Si, no

Consumo de tabaco paterno

Si, no

Principal cuidador

Madre, Madre y otros (padre, abuelos),
otras combinaciones sin madre

Asistencia a guarderia

Empleo materno

Si, no

Trabajadora, no trabajadora

Empleo paterno

Trabajador, no trabajador

Consumo de tabaco materno

Si, no

Consumo de tabaco paterno

Si, no

Principal cuidador

Madre, Madre y otros (padre, abuelos),
otras combinaciones sin madre

Cociente de inteligencia verbal

materna

Continua (puntuacion de la escala
WAIS-II1)

Tabla 3. Variables de exposicion, resultado y covariables utilizadas en los articulos incluidos en la tesis.

Nota: E: Exposicion; R: resultado; C: covariable/confusor; As: arsénico; BSID: Escala Bayley de desarrollo infantil; MSCA:
Escalas McCarthy de aptitudes y psicomotricidad para nifios WAIS-III: escala de inteligencia para adultos de Wechsler,
tercera edicién. Cont.: continuacién. lInformacion recogida durante el primer trimestre del embarazo; 2Informacion
recogida durante todo el embarazo

55



CAPITULO IV. METODOLOGIA GENERAL

4.3 ANALISIS ESTADISTICO

4.3.1 Analisis descriptivo de los biomarcadores (articulos |, 11, 1)

Se calculd la media geométrica (MG) y los intervalos de confianza al 95% (IC95%) de las
concentraciones de Mn y del As total y sus diferentes especies (DMA, MMA, iAs y AB), en total y
segun diferentes caracteristicas sociodemograficas, clinicas, ambientales y dietéticas de la
poblacion. Las concentraciones de As fueron ajustadas por los niveles de creatinina con el fin de

corregir la influencia de la dilucién de las muestras de orina.
4.3.1.1 Calibracién del arsénico (articulos Il y Il1)

En estudios previos se ha utilizado la suma de las especies metiladas y no metiladas del As
(DMA+MMA+iAs) como una aproximacion de la exposicién al iAs. Sin embargo, en poblaciones
con alto consumo de pescado, los diferentes compuestos organicos de As (0As) (como los
arsenoazucares y arsenolipidos) pueden contribuir a las concentraciones de DMA y TAs, por lo
que podria no reflejar correctamente esta exposicion (Navas-Acien et al., 2011). Para eliminar
esta influencia, se ha utilizado el método matematico propuesto por Jones et.al., (2016). Este
método utiliza las concentraciones de AB como marcador del consumo de pescado. Utilizando
modelos de regresidn lineal, se han estimado las concentraciones calibradas de iAs, DMA y MMA
haciendo una regresién de las concentraciones de iAs, MMA y DMA en AB y las concentraciones
de creatinina (todas las medidas se transformaron en logaritmo en base 2 [log2]) en tres modelos
separados. Las nuevas concentraciones calibradas de iAs, MMA y DMA se han calculado sumando
el residuo de cada modelo de metabolito a una constante (nivel medio de cada metabolito

estimado a partir de participantes con AB <1 ug/ L).

4.3.2 Evaluacion de la eficiencia en la metilacion del arsénico (articulos Il y

1)

Para evaluar la eficiencia en la metilaciéon del As, que se ha usado como variable respuesta

(articulo 1) y como variable explicativa (articulo Ill), se han utilizado dos abordajes:

1) Calculando el porcentaje de las concentraciones calibradas de cada metabolito (DMA,

MMA e iAs) sobre la suma de las tres especies (SAs).
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2) Realizando un andlisis de componentes principales (PCA) de los porcentajes de los
metabolitos calibrados, no transformados. Los dos componentes obtenidos del analisis
(componente principal 1y 2 [PC1y PC2], respectivamente]), los cuales explican el 100%
de la varianza, han sido usados como fenotipos de metilacién del As. La razén para
realizar este andlisis fue evitar la alta correlacién entre los porcentajes de los tres
metabolitos, transformando las tres variables interrelacionadas en dos medidas

independientes.

4.3.3 Analisis de los factores asociados a las concentraciones de Asy Mn y

eficiencia en la metilacion del arsénico (articulos | y 1)

Para los siguientes analisis, se usaron los valores transformados mediante log2 de las
concentraciones de especies de As en orina y Mn en suero y probit de los porcentajes de
metabolitos, debido a que no seguian una distribucién normal (evaluado tanto graficamente

como mediante el test Kolmogorov- Smirnov).

Se construyd un modelo de regresién lineal multivariante para cada una de las variables resultado
(concentraciones de Mn, TAs, AB, SAs, MMA, DMA, iAs, %DMA, %MMA, %iAs, PC1 y PC2) (ver
Tabla 4). Se us6 un procedimiento de dos en dos etapas: 1) se realizaron analisis bivariados entre
las variables sociodemograficas y ambientales para cada variable resultado y se construyd un
modelo con todas aquellas que obtuvieron un p valor<0,20. Mediante un proceso de eliminacion
hacia atras, las variables con un p valor<0,10 en la prueba de razén de verosimilitud se
mantuvieron en el modelo (modelo basal); 2) se incluyeron las variables dietéticas (grupos de
alimentos, estimacién y concentraciones de nutrientes) y otros compuestos (Cd en los modelos
de metilacién del As) en los modelos basales (modelos ajustados). Se retuvieron aguellas con un

p valor <0,10 en la prueba de razdén de verosimilitud.
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Variables de exposicion

Variables resultado Covariables Variables dietéticas y otros compuestos
(modelo basal) (modelo ajustado)
Concentraciones de TAs, . . " Grupos de alimentos
Modelo Covariables sociodemograficas ) )
AB, >As, MMA, DMA . (expresados en continuo, raciones
1 ) y ambientales
Concentraciones de Mn semanales)
Mismos grupos de alimentos que en
Modelo | Concentraciones de TAs, : Covariables sociodemograficas, modelo basal 1, pero consumo de
2 AB, YAs, MMA, DMA y ambientales pescado y carne expresados por
subgrupos?!
Estimacion de nutrientes
Modelo %DMA, %MMA, %iAs, Covariables sociodemogréficas . | y
) concentraciones de Mn y Se sérico y Cd
3 PC1lyPC2 y ambientales urinario

Tabla 4. Variables incluidas en cada modelo multivariante de regresion lineal (articulos 1y 2).
1Los subgrupos utilizados para consumo de pescado fueron: pescado blanco, pescado azul y mariscos/moluscos; y para
el consumo de carne: carne blanca y carne roja.

4.3.4 Analisis de la relacién entre la exposicién prenatal a Mn y As y el

desarrollo neuropsicoldgico infantil (Articulos | 'y 1)

Para los siguientes analisis, se usaron los valores transformados de log2 de las concentraciones
de especies de As en orina y Mn en suero, y probit de los porcentajes de metabolitos, para

corregir la asimetria de sus distribuciones.
Se construyeron los siguientes modelos de regresién lineal multivariante:

e Articulo I:
- Variable exposicidn: concentraciones de Mn en suero materno.
- Variable resultado: cada una de las escalas del test de neurodesarrollo utilizados al
afio (BSID).
e Articulo Il
- Variable exposicién: concentraciones de As total y sus metabolitos en orina materna,
porcentajes de metabolitos de As, PC1y PC2.
- Variable resultado: cada una de las escalas del test de neurodesarrollo utilizados a

los 4-5 afios de edad (MSCA).
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Se utilizé un procedimiento de dos etapas (ver Tabla 5): 1) se construyé un modelo basal para
cada escala de los test con variables sociodemograficas, clinicas y ambientales como posibles
covariables. Estos modelos se construyeron mediante un proceso de eliminacion hacia atras y
utilizando los mismo criterios explicados en el punto anterior (ver seccidén 4.3.3); 2) se
introdujeron las variables de exposicion (log2 o probit transformadas) y se incluyeron potenciales
factores de confusion si cambiaban la magnitud de los efectos principales de cada variable de
exposicion de manera significativa en comparacién con el modelo ajustado por el mismo factor
de confusion, pero aleatorizado (es decir, la misma variable reordenada aleatoriamente para
simular independencia con las variables de exposicion y respuesta ), con un nivel de significacién
del 5% (P. H. Lee, 2014). El area de estudio (cohorte) y las concentraciones de creatinina (este
ultimo solo en los modelos de As) se incluyeron independientemente de su significatividad

estadistica.

Para evaluar la forma de la relaciéon entre la exposicion a los metales y las variables de desarrollo
neurologico, se ajustaron modelos aditivos generalizados (GAM) y se compararon los resultados
de los modelos lineales con los de los modelos no lineales mediante el criterio de informacion de

Akaike (AIC) y la prueba de razdén de verosimilitud (LRT).

La modificacién del efecto se evalud incluyendo el término de interacciéon en los modelos
principales. Los modelos con y sin interaccién se compararon con LRT y el efecto de la
modificacion se considerd estadisticamente significativo si el valor de p de la interaccion fue

<0,05.

Y variable de resultado =B _+B +
Etapa 1. 0 234
Bo,10 variables forzadas + €
Y variable de resultado =B + B variable de exposicién + +
0 1 2,3,4...
Etapa 2.

BS oy factores de confusién + Bq 10 variables forzadas + &

Variable resultado:  cada una de las subescalas de Bayley (articulo I) y MSCA (articulo Ill).

Variable de exposicién:  concentraciones de Mn, TAs, AB, SAs, MMA, DMA, %$DMA, %MMA, %iAs, PC1y PC2
(log2 o probit transformadas)

variables sociodemograficas, clinicas y ambientales con un p valor <0,10 en la prueba de
razén de verosimilitud.

Factores de confusién:  variables sociodemograficas, clinicas, dietéticas y ambientales que cambiaban la
magnitud de los efectos principales de cada variable de exposicion de manera
significativa en comparacion con el mismo factor de confusién potencial.

Variables forzadas:  variables incluidas independientemente de su significatividad estadistica.

Tabla 5. Proceso de construccién de los modelos multivariantes para el anélisis de la relacién entre la exposicion
prenatal a Mn y As y el desarrollo neuropsicoldgico infantil (articulos Iy I1).
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4.3.5 Analisis de sensibilidad y diagnéstico de los modelos

Se realizaron diversos analisis de sensibilidad para evaluar la robustez de los modelos
multivariables eliminando ciertos subgrupos de poblacion, y utilizando como variables de
exposicion los porcentajes de metabolitos de As no calibrados en lugar de los calibrados, asi como

la inclusion de la variable de consumo materno de pescado en los modelos (articulo Ill).

En todos los modelos se comprobd si cumplian los supuestos de regresion lineal: 1) se inspecciond
graficamente los residuos del modelo para verificar normalidad y homocedasticidad; 2) se
identificaron datos influyentes mediante la distancia de Cook; 3) se comprobd la colinealidad
entre las variables de los modelos mediante los factores de inflacion de la varianza (VIF). Por
ultimo, se calcularon intervalos de confianza robustos en caso de observar pequefias desviaciones

respecto a la hipdtesis de normalidad.
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5.1 ARTICULO |

Soler-Blasco, R., Murcia, M., Lozano, M., Gonzalez-Safont, L., Amords, R., Ibarluzea, J., Broberg,
K., Lopez-Espinosa, MJ., Lertxundi, N., Santa Marina, L., Ballester, F., Llop, S. (2020). Prenatal
manganese exposure and neuropsychological development in early childhood in the INMA
cohort. International Journal of Hygiene and Environmental Health, 224, 113443.

Disponible en: https://doi.org/10.1016/j.ijheh.2019.113443

Resumen

Introduccién: El manganeso (Mn) es un elemento esencial, siendo la dieta la fuente principal.
Algunos estudios epidemioldgicos han encontrado que un exceso prenatal de Mn podria afectar
negativamente el desarrollo neuropsicolégico durante la infancia, pero la evidencia no es
concluyente. El objetivo de este estudio fue explorar la relacién entre las concentraciones de Mn
en suero materno y el desarrollo neuropsicoldgico infantil evaluado al afio de edad.

Métodos: Los sujetos de estudio fueron 1179 parejas madre-hijo de dos cohortes espafiolas
(Valencia y Gipuzkoa) del Proyecto INMA (Medio Ambiente e Infancia). EIl Mn se midié en
muestras de suero recogidas durante el primer trimestre del embarazo. El desarrollo
neuropsicolégico infantil se evalué mediante las escalas de desarrollo infantil de Bayley,
compuestas por la escala mental y psicomotora. La informacién sociodemografica, de estilo de
vida y dietética se recopild mediante cuestionarios durante el embarazo y durante el primer afio
de vida. El Mn sérico se transformd en logaritmo base 2. Se construyeron modelos de regresion
lineal multivariable. Se utilizaron modelos aditivos generalizados para evaluar la forma de la
relacion entre la exposicién prenatal a Mn y las puntuaciones de las pruebas neuropsicoldgicas.
Resultados: la media geométrica y el intervalo de confianza al 95% (IC95%) del Mn en suero
materno fue de 1,50 (1,48-1,53) pg/L. Los niveles de Mn fueron mas altos entre las madres que
no trabajan y en aquellas con un mayor consumo de frutos secos. La asociacién entre los niveles
de Mn materno y el desarrollo neuropsicolégico infantil fue negativa en los modelos
multivariables para las escala mental (B [IC del 95%] = -0,39 [-2,73 a 1,95]) y psicomotora (B [IC
del 95%] = -0,92 [-3,48 a 1,65]), aunque los coeficientes no fueron estadisticamente
significativos. La mejor forma que describe la relacién entre Mn y las escalas de Bayley fue lineal
en ambos casos. Conclusién: Este estudio no muestra asociaciéon entre los niveles maternos
prenatales de Mn y el desarrollo neuropsicoldgico al afio del nacimiento en dos cohortes
participantes en el estudio INMA.
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ARTICLE INFO ABSTRACT

Keywords: Introduction: Manganese (Mn) is an essential element, diet being its main source. Some epidemiological studies
Manganese have found that a prenatal excess of Mn could negatively affect neuropsychological development during infancy,
Prenatal exposure but the evidence is inconclusive. The aim of this study was to explore the relationship between maternal serum
Neurodevelopment

Mn concentrations and child neuropsychological development assessed at 1 year of age.

Methods: study subjects were 1179 mother—child pairs from two Spanish cohorts (Valencia and Gipuzkoa) of the
INMA (Environment and Childhood) Project. Mn was measured in serum samples collected during the first
trimester of pregnancy. Child neuropsychological development was assessed using the Bayley Scales of Infant
Development, composed of both mental and psychomotor scales. Sociodemographic, lifestyle and dietary in-
formation was collected through questionnaires during pregnancy and during the child's first year of life. Serum
Mn was log-2 transformed. Multivariable linear regression models were built. Generalized additive models were
used to assess the shape of the relation between prenatal exposure to Mn and the neuropsychological test scores.
Results: geometric mean and 95% confidence interval (95% CI) of maternal serum Mn was 1.50 (1.48-1.53) pg/
L. Levels of Mn were higher among non-working mothers and in those with a higher consumption of nuts. The
association between maternal Mn levels and child neuropsychological development was negative in the multi-
variable models for the mental (B [95% CI] = —0.39 [-2.73, 1.95]) and psychomotor scales (} [95%
CI] = —0.92[-3.48, 1.65]), although the coefficients were not statistically significant. The best shape describing
the relationship between Mn and the Bayley scales was linear in both cases.

Conclusion: This study shows a null association between maternal prenatal levels of Mn and neuropsychological
development at one year after birth in two cohorts within the INMA study.

Cognitive
Cohort studies
Spain

1. Introduction metabolism of neurotransmitters (Agency for Toxic Substances and
Disease Registry, 2012; Santamaria and Sulsky, 2010). Mn is a naturally

Manganese (Mn) is an essential element involved in numerous occurring metal in the environment. However, anthropogenic sources
metabolic processes, such as the metabolism of fats and carbohydrates, such as pesticides, gasoline additives and industry, especially me-
the formation of connective tissue and bones, and the synthesis and tallurgical processes, have made a substantial contribution to the
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Abbreviations

AIC Akaike information criteria

BMI body mass index

BSID Bayley Scales of Infant Development

CI confidence intervals

FFQ food frequency questionnaire

GM geometric mean

ICPMS  inductively coupled plasma mass spectrometry

ISCO88 International Standard Classification of Occupations

coding system approved in 1988
IQR interquartile range
LRT Likelihood Ratio test
LOD limit of detection
Mn Manganese
n sample size
NIST National Institute of Standards and Technology
PM particulate matter
ORS octopole reaction system
SD standard deviation

presence of Mn in the atmosphere (Lucchini et al., 2015).

The main exposure route in the non-exposed population is through
diet. The main contributors to Mn levels are cereals, legumes, and ve-
getables (Agence nationale de sécurité sanitaire de l'alimentation de
l'environnement et du travail, 2011; Filippini et al., 2017; Rose et al.,
2010), although relatively high levels of Mn have been detected in
other foods such as nuts, eggs, and tea (Perell6 et al., 2015; Rose et al.,
2010). The intake of water has been observed to be another source of
exposure, especially in regions with high levels of Mn in drinking water,
such as Bangladesh (Wasserman et al., 2006), Japan or Australia
(Freeland-Graves et al., 2016). Likewise, living close to agricultural or
industrial areas (Gunier et al., 2014; Takser et al., 2004) also seems to
be related to Mn exposure.

Levels of Mn are kept within physiological limits by a homeostatic
mechanism. An increase in Mn concentration can occur on account of
exposure to high levels of Mn or owing to the presence of conditions
that can affect this homeostatic mechanism, such as iron deficiency or
liver dysfunction (Agency for Toxic Substances and Disease Registry,
2012). There is scarce evidence about the neurological effects caused by
exposure to Mn in the general population or in critical periods, as in
prenatal development (Agency for Toxic Substances and Disease
Registry, 2012).

Epidemiological studies have reported an increase in blood Mn le-
vels during pregnancy (Spencer, 1999; Takser et al., 2004). Mn is
transferred from the mother to the fetus via the placenta through active
transport mechanisms in order to meet the fetal demand for this ele-
ment (Nandakumaran et al., 2016). Mn is able to cross the blood-brain
barrier and accumulate in the developing brain (Yoon et al., 2011).
Although Mn is an essential element for fetal growth, the developing
brain seems to be especially vulnerable to an excess of Mn (Grandjean
and Landrigan, 2014).

Very few epidemiological studies have evaluated the relationship
between prenatal Mn levels and neuropsychological development in
infancy. Takser et al. (2003) found a negative relation between cord
blood Mn levels and hand skills, attention and non-verbal memory
scores at 3 years of age, but no association was observed between Mn
and general cognitive scores at 3 (n = 126) and 6 (n = 100) years old.
Claus-Henn et al. (2017) reported a significant negative association
between maternal blood Mn levels and mental and psychomotor de-
velopment in 2-year-old children from USA (n = 224). Some studies
have observed an inverted U-shaped relationship between prenatal Mn
levels and psychomotor, mental and/or language development in in-
fancy (Chung et al., 2015; Mufoz-Rocha et al., 2018). Conversely, a
recent study (n = 355) has found no significant relation between ma-
ternal blood Mn levels and neuropsychological development at 1 year
of age (Mora et al., 2018).

Although the literature suggests that exposure to Mn during the
prenatal period could affect children's neurodevelopment, this evidence
is still too scarce to draw any definite conclusions. Therefore, the aim of
this study was to explore the relationship between maternal Mn con-
centrations and child neuropsychological development assessed at
around 12 months of age in a Spanish birth cohort study. We also de-
scribed the maternal exposure to Mn and assessed the influence of
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sociodemographic, environmental and dietary characteristics on it.

2. Material and methods
2.1. Study population

The study population belongs to the INMA Project (Environment
and Childhood), a multicentre birth cohort study that aims to in-
vestigate the effect of environmental exposures and diet during preg-
nancy and childhood on fetal and child development in different geo-
graphical areas of Spain (http://www.proyectoinma.org). Subjects
were participants in the Gipuzkoa (northwest of Spain) and Valencia
(east of Spain) areas.

The study protocol has been reported elsewhere (Guxens et al.,
2012). Briefly, 1493 pregnant women were recruited during their first
antenatal visit (2003-2008, Gipuzkoa 638, Valencia 855). The
inclusion criteria were: at least 16 years of age, 10-13 weeks of ge-
station, singleton pregnancy, intention of undergoing follow-up and
delivery in the corresponding centre of reference, and no impediment
for communication. Excluding the women who withdrew from the
study, were lost to follow-up, and had induced or spontaneous abor-
tions or fetal deaths, of the total sample we followed up 1399 (93.7%)
women until delivery. Their children were enrolled at birth and were
followed up until they were 1 year old. The final study population was
made up of 1179 mother—child pairs in whom both manganese levels in
maternal serum and neurodevelopmental assessment at age 1 were
available (84.3% of total births).

Analyses were performed to determine any differences between the
population included in the study and those who were not included
(n 220, [15.7% of total births]). Among the participants, mothers
were slightly older, with a higher level of maternal education and
higher social class than in the case of non-participants (Table S1).

Informed consent was obtained from all participants in each phase,
and the study protocol was approved by the Ethics Committee of the
University Hospital La Fe (Valencia), the Ethics Committee of the Public
Health Research Centre in Valencia (CSISP) and the Ethics Committee
of Donostia Hospital (Gipuzkoa).

2.2. Variables and sources of information

2.2.1. Manganese analysis

Concentrations of Mn were determined in serum samples taken at
the first trimester of pregnancy (mean number of weeks of gestation
13.0 [standard deviation (SD): 1.9]). After separation of serum by
centrifugation, samples were stored at —80 °C and transported frozen
to the Karolinska Institutet, Sweden, for analysis. Serum samples were
prepared for analysis by a direct alkali dilution method (Levi et al.,
2018). Briefly, samples were diluted 1:15-50 with an alkali solution
consisting of 2% butanol (Honeywell Research Chemicals, Seelze,
Germany), 0.05% EDTA (Sigma-Aldrich, St. Louis MO, USA), 0.05%
Triton X-100 (Sigma-Aldrich), 1% NH4OH (Romil, Cambridge, UK) and
20 pg/g of the internal standards Sc, Ge and Rh. The concentrations of
serum Mn were determined by inductively coupled plasma mass
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spectrometry (ICPMS; Agilent 7700x, Agilent Technologies, Tokyo,
Japan) equipped with an octopole reaction system (ORS) collision/re-
action cell technology. The limit of detection (LOD) was determined as
3 x SD of analyzed blanks (alkali solution) and as signal/noise = 3. The
accuracy and precision of each analysis was verified by analyzing
commercially available reference materials: Seronorm human serum lot
MIO181 (SERO, Billingstad, Norway) and NIST animal serum SRM
1598a (National Institute of Standards and Technology, Gaithersburg
MD, USA). Blanks and reference materials were treated along with the
collected serum samples and analyzed at the beginning, in the middle
and at the end of each analysis. Variations in Mn concentrations related
to the day of laboratory analysis were observed, so the levels were
standardized according to this variable.

2.2.2. Neuropsychological development assessment

Neurodevelopment of the children was assessed at 1 year of age
(mean [SD] = 13.3 [1.3], range = 11.4-19.5 months of age) by using
the first edition of the Bayley Scales of Infant Development (BSID)
(Bayley, 1977). The BSID are composed of the mental and the psy-
chomotor scales. The mental scale consisted of 163 items that assessed
age-appropriate mental development in cognitive areas such as per-
formance ability, memory, and first verbal learning. The psychomotor
scale consisted of 81 items assessing fine and gross psychomotor de-
velopment.

All testing was done in the corresponding health care centre in the
presence of the mother, by a total of six trained psychologists. To limit
inter-observer variability, we applied a strict protocol, including
training sessions where inter-observer differences were quantified and
the use of three sets of quality controls (inter-observer reliability tests).
The inter-rater reliability estimated by intra-class correlation was 0.90
for mental test scores, and 0.91 for psychomotor test scores. Raw scores
were standardized for child's age in days at test administration and for
psychologist. Standardized residuals were then typified by having a
mean of 100 points (SD = 15) to homogenize the scales.

2.2.3. Other variables

Women filled in two questionnaires during their pregnancy, at the
first and the third trimesters of gestation (mean [SD] number of weeks
of gestation 13.21 [1.58] and 32.3 [2.21], respectively). The ques-
tionnaires were administered by trained interviewers and focused on
socio-demographic, environmental and lifestyle information during
pregnancy. The covariates used in this study were maternal and pa-
ternal age at conception (years), parental education level (up to pri-
mary, secondary, university), maternal country of birth (Spain, other),
body mass index (BMI, kg/m?) before pregnancy (low weight [ < 18.5],
healthy [18.5- < 25], overweight [25- < 30], obesity [=30]), parity
(0, =1), maternal working status at first trimester of pregnancy (non-
working, working), maternal smoking habit until 12 weeks of gestation
(smoker, non-smoker), and paternal smoking habit during pregnancy
(smoker, non-smoker). Variables about the proximity of the residence
to industrial or agricultural areas (yes, no) and frequency of traffic near
the residence (continuous, rather frequent, infrequent/never) were also
collected. We also obtained information about the maternal intake of
multivitamin supplements until the 12th week of gestation (yes, no).

We defined parental social class from the maternal or paternal oc-
cupation during pregnancy with the highest social class, according to a
widely used Spanish adaptation of the International Standard
Classification of Occupations coding system approved in 1988
(ISCO88). Class I + II included managerial jobs, senior technical staff
and commercial managers; Class III included skilled non-manual
workers; and class IV + V included manual and unskilled workers.

Information on the children's gestational age and sex was obtained
from clinical records. Information about the duration of breastfeeding
(weeks), maternal and paternal working status at 1 year of age (non-
worker, worker), maternal and paternal smoking habit (smoker, non-
smoker), main care provider (mother, mother and others, other
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combinations without mother), and attendance at nursery (yes, no) was
obtained at the same time as the neuropsychological assessment.
Breastfeeding was defined as receiving breast milk, although this could
be supplemented with any food or liquid, including non-human milk.

Information on diet during pregnancy was obtained from a semi-
quantitative food frequency questionnaire (FFQ) administered at the
first and third trimester. This FFQ was validated in the Valencia cohort
with good reproducibility for nutrient and food intake (Vioque et al.,
2013). Only the information derived from the first trimester FFQ was
used for this study due to the temporal proximity to the Mn measure-
ment. The items had nine possible responses, ranging from ‘never or
less than once per month’ to ‘six or more per day’. A commonly used
serving size was specified for each food item in the FFQ. This was
converted to average daily intake in grams for each individual parti-
cipant. We obtained data (expressed in grams per week) on the intake of
dairy products, eggs, meat, seafood, fruits, vegetables, legumes, nuts,
potatoes, cereals and bread, and coffee and other infusions (such as
tea). We also obtained information about consumption of tap water.
Energy-adjusted intakes were computed using the residual method,
where the residuals were calculated from a linear regression, with the
natural logarithm of the food group modeled as the dependent variable
and the natural logarithm of total energy intake as the independent
variable.

The concentrations of serum selenium (Se) were determined by in-
ductively coupled plasma mass spectrometry with the collision/reaction
cell system in hydrogen mode. More information about the metho-
dology used for Se analysis has been reported in detail elsewhere
(Amords et al., 2018).

Exposure to particulate matter with a diameter of less than 2.5 pm
(PM, s5) during pregnancy in the Gipuzkoa area was measured from the
beginning of the study period until the last birth using three Digitel
DHA-80 high-volume samplers. Descriptions of the study area, air
pollution monitoring methodology, and particle quantification of the
air quality in the area has been reported elsewhere (Lertxundi et al.,
2015, 2010).

In Gipuzkoa the quantification of maternal plasmatic levels of fer-
ritin was performed by fluoroimmunoassay (DELFIA Ferritin kit A069-
101), in the Gipuzkoa Public Health Laboratory. In Valencia, the
quantification was performed at La Fe Hospital through im-
munoturbidimetry in Beckman Coulter AU analyzers.

2.3. Statistical analysis

We calculated the geometric mean (GM) and 95% confidence in-
tervals (95%CI) of the Mn concentrations according to the socio-de-
mographic, environmental and dietary characteristics of the study po-
pulation.

For further analyses, the variable of maternal serum Mn con-
centrations was log2-transformed due to its skewed distribution. The
ANOVA F-test was applied to the logarithm in order to compare the
geometric mean of Mn concentrations across categories of the socio-
demographic and environmental characteristics.

Bivariable and multivariable linear regression models were built in
order to study the relationship between the maternal serum Mn con-
centrations at the first trimester of pregnancy and the socio-demo-
graphic, environmental and dietary factors. Point estimates and 95%CI
for the beta (f3) coefficients were obtained. The multivariable model
was built using all the covariates associated with a p-value < 0.2 in the
bivariable analysis, except diet variables. Following a backward elim-
ination procedure, all the covariates associated with Mn concentrations
at a level of p < 0.1 in the likelihood ratio test were retained in the
model (basal model). In this model we included all diet variables ex-
pressed in 100 g/day at the same time. Although food intake variables
were mutually correlated, we found no collinearity problems among
them.

In order to assess the relation between prenatal exposure to Mn and
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the neuropsychological test scores, multivariable linear regression
models were built separately through a two-step procedure for the
mental and psychomotor scales. In the first step, a core model was built
for each scale with parental and child sociodemographic variables as
possible covariates. These models were built using a backward elim-
ination procedure with the same criteria as for the multivariable model
for the Mn concentrations. In the second step, the log2 Mn variable was
introduced into these adjusted models and additional potential

Table 1
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confounders were included if they changed the magnitude of the Mn
main effects in a significant way compared to the same potential con-
founder, but randomized (that is, the same variable randomly reordered
to simulate independence from Mn and the response variable), with a
5% significance level (Amor6s et al., 2019). All covariates in the mul-
tivariable model for the Mn concentrations were considered as potential
confounders. Area of study (Valencia or Gipuzkoa) was included in all
models regardless of their statistical significance.

Total Mn concentrations in maternal serum at 12 gestational weeks according to socio-demographic and environmental characteristics, INMA Project (Valencia and

Gipuzkoa, Spain, 2004-2008).

N* (%) GM 95%CI Bivariable (3 (95%CI) p®

Area of study

Gipuzkoa 534 (45) 1.51 1.48 1.54

Valencia 645 (55) 1.50 1.46 1.53
Maternal age (years)

<25 77 (7) 1.48 1.38 1.58

25-29 382 (32) 1.50 1.47 1.54 0.02 (—0.08, 0.12) 0.65

30-34 527 (45) 1.51 1.47 1.55 0.03 (—0.07, 0.13) 0.56

=35 193 (16) 1.49 1.44 1.55 0.01 (—0.10, 0.12) 0.83
Maternal country of birth

Spain 1082 (92) 1.51 1.48 1.53

Others 97 (8) 1.48 1.41 1.56 —0.02 (-0.10, 0,06) 0.63
BMI before pregnancy (Kg/m")

Healthy (18.5- < 25) 844 (72) 1.51 1.42 1.60 0,01 -0,11 0,130.19

Low weight (< 18.5) 45 (4) 1.49 1.47 1.52 0.01 (-0.11, 0.13) 0.85

Overweight (25— < 30) 207 (18) 1.56 1.50 1.62 0.06 (0.00, 0.12) 0.04

Obesity (> 30) 83 (7) 1.46 1.39 1.54 —0.03 (—0.12, 0.06) 0.56
Parity

0 656 (56) 1.51 1.48 1.54

=1 523 (44) 1.50 1.46 1.53 —0.01 (—0.06, 0.04) 0.69
Parental social class

I + II (high) 393 (33) 1.50 1.46 1.54

11 293 (25) 1.49 1.44 1.54 —0.01 (-0.07, 0.05) 0.80

IV + V (low) 493 (42) 1.51 1.48 1.55 0.01 (—0.04, 0.07) 0.61
Maternal educational level”

Up to primary 272 (23) 1.53 1.46 1.59

Secondary 471 (40) 1.49 1.46 1.53 —0.03 (—0.09, 0.03) 0.26

University 434 (37) 1.50 1.47 1.54 —0.03 (—0.09, 0.04) 0.40
Maternal working status at 12 wg

Non-working 261 (22) 1.54 1.49 1.60

Working 916 (78) 1.49 1.47 1.52 —0.05 (—0.11, 0.06) 0.07
Proximity to agricultural area

Yes 454 (39) 1.50 1.46 1.54

No 712 (61) 1.51 1.48 1.53 0.01 (—0.04, 0.05) 0.83
Proximity to industrial area

Yes 385 (33) 1.52 1.47 1.56

No 781 (67) 1.50 1.47 1.47 —0.02 (—0.07,0.03) 0.48
Frequency of traffic near the residence home

Continuous 420 (36) 1.50 1.46 1.54

Rather frequent 275 (24) 1.53 1.48 1.59 0.03 (—0.03, 0.09) 0.30

Infrequent or never 470 (40) 1.49 1.45 1.52 —0.01 (—0.06, 0.04) 0.67
PM, 5 exposure at 12wg® 18.0 (2.9)d - - - —0.01 (—0.02, 0.005) 0.26
Maternal smoking habit until 12 wg

Non-smoker 942 (81) 1.49 1.47 1.52

Smoker 223 (19) 1.53 1.47 1.60 0.04 (-0.02, 0.10) 0.18
Maternal ferritin serum at 12 wg

=15 mg/L 870 (81) 1.50 1.47 1.53

<15 mg/L 209 (19) 1.53 1.48 1.59 0.03 (—0.03,0.09) 0.34
Maternal selenium serum at 12wg 79.8 (9.5)¢ - - - 0.004 (0.002, 0.007) < 0.01
Tap water consumption

Less than 1 glass (250 cc) at day 590(51) 1.49 1.46 1.53

1 or more glass (250 cc) at day 596 (49) 1.52 1.49 1.55 0.02 (—0.04, 0.074) 0.52
Multivitamin supplementation until 12 wg

No 986 (67) 1.52 1.49 1.55

Yes 478 (33) 1.48 1.43 1.52 —0.05 (-0.11, 0.01) 0.12

@ Missing values for some variables not included in percentages: maternal working status at 12 wg (2); paternal education level (8); Frequency of traffic near the
residence (14); Proximity to agricultural area (13); Proximity to industrial area (13); Maternal smoking habit until 12 wg (14); Maternal ferritin serum at 12 wg

(100); Multivitaminic supplementation until 12 wg (29).

b p-value from ANOVA F- test (bivariable analysis, adjusted for area of study [Gipuzkoa, Valencial).

¢ Data only available for Gipuzkoa area (n = 468).

4 Mean and standard deviation. N: sample size; BMI: Body mass index; SC: Social Class; GM: geometric mean; 95%CI: 95% confidence intervals; wg: weeks of

gestation; PM: particulate matter.
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Generalized additive models were fitted to evaluate non-linear
patterns. Natural cubic splines with one or two internal knots were
compared through Akaike information criteria (AIC). The lowest AIC
non-linear model and linear model were then compared using graphical
examination and the Likelihood Ratio test (LRT).

Effect modification by sex of the child, maternal serum Se, maternal
serum ferritin, and maternal intake of multivitamin supplements were
assessed by including the interaction in the main models. The models
with and without interaction were compared with LRT and the effect of
modification was considered statistically significant if the p-value <
0.05.

Several sensitivity analyses were performed to evaluate the ro-
bustness of the multivariable models and these were repeated after
eliminating certain population subgroups: preterm birth (n = 48), low
birth weight (n = 55), children with an underlying pathology (such as
very preterm, epilepsy, hypotonia, plagiocephaly, or fetal suffering,
n = 16), or those in whom the quality test was uncertain (n = 85). The
final models were also repeated excluding an extreme outlier (stu-
dentized residuals > 8).

The validity of the regression models was tested by residual ana-
lyses: normality and homoscedasticity were verified graphically. No
influential data were identified by Cook's distance. Collinearity diag-
nostics were conducted on the final models. To deal with the possibility
of minor deviations from normality and homoscedasticity, confidence
intervals were calculated on the basis of robust standard error in the
final results.

Statistical analysis was carried out using the R statistical package
version 3.5.1 (R Core Team, 2017).

3. Results

In our population, 45% of the mothers were 30-34 years old,
around 92% were born in Spain, around 40% had a university degree,
and more than the 40% belonged to the lowest social class (Table 1).

Mn concentrations were detected in all maternal serum samples.
The GM of serum Mn concentration was 1.50 (95%CI: 1.48-1.53) pg/L,
with an interquartile range (IQR) from 1.30 to 1.67 ug/L and a median
of 1.45 ng/L. Higher Mn levels were observed among mothers born in
Spain, those who lived near an industrial area or with anemia at the
first trimester of pregnancy (serum ferritin lower than 15 pg/L), al-
though the differences did not reach the significance level (see Table 1).
Marginally significant higher Mn levels were observed among non-
working mothers at the first trimester of pregnancy (GM [95%CI]: 1.49
[1.47, 1.52] pg/L for working mothers vs. 1.54 [1.49, 1.60] pg/L for
non-working mothers, p-value = 0.04). Women who were overweight
before pregnancy also had higher Mn concentrations than those with a
healthy BMI (GM [95%CI]: 1.56 [1.50, 1.62] pg/L vs. 1.51 [1.42, 1.60]
ug/L), the coefficient in the bivariable linear regression model being
statistically significant (B [95%CI] 0.06 [0.00, 0.12], p-
value = 0.04).

The variables associated with the maternal Mn serum concentration
at the first trimester of pregnancy in the multivariable model were
maternal working status (f [95%CI] = —0.05 [-0.10, 0.00], p = 0.04)
and consumption of nuts (§ [95%CI] = 0.21 [0.01, 0.41], p = 0.04).
The association with consumption of coffee and other infusions (such as
tea) was marginally significant (f [95%CI] 0.01[0.00, 0.02],
p = 0.07). No other dietary variable was associated with Mn levels
(Table 2).

The association between maternal Mn levels and neuropsycholo-
gical development was negative in the multivariable models for both
scales (f [95% CI] = —0.39 [-2.73, 1.95] for the mental scale; B [95%
CI] = —0.92 [-3.48, 1.65]) for the psychomotor scale); nevertheless,
the coefficients were not statistically significant (Table 3, Model 1).
Subsequently, serum ferritin and serum Se levels during pregnancy
were also included in the model (Table 3, Model 2 and Model 3), and
similar results were obtained.
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Non-linear patterns in the relation between serum Mn and each
Bayley subscale were evaluated. In both models, the non-linearity of
multivariable GAM did not improve the model's fit (p > 0.05). Fig. 1
showed the linear relationship between prenatal Mn levels and the
mental and psychomotor scales. None of the variables considered as
potential effect modifiers (sex of the newborn, ferritin levels at first
trimester of pregnancy, maternal serum Se at first trimester of preg-
nancy and maternal intake of multivitamin supplements) produced a
significant change in the association between Mn exposure and the
child's mental and psychomotor scales (results for sex and ferritin in
supplemental material Table S2 and Figure S1). No significant changes
were found in the results when sensitivity analyses were performed
(supplemental material Table S3).

4. Discussion

In this Spanish birth cohort study, a null association was found
between maternal serum Mn and mental or psychomotor development
at year of age. As far as we know, this is the largest epidemiological
study to have analyzed the association between prenatal Mn and neu-
ropsychological development in early childhood.

Evidence about prenatal Mn exposure and neuropsychological de-
velopment is still inconclusive. In fact, a recent systematic review
concluded that the available evidence does not demonstrate adverse
effects of early-life Mn exposure on neuropsychological development,
and more prospective studies are needed to establish a causal relation
(Leonhard et al., 2019).

Table 4 shows the prospective studies that have evaluated this re-
lation using Mn measured in maternal or cord blood as a biomarker of
prenatal exposure. In agreement with our results, a recent study carried
out in Costa Rica on a population with high exposure to Mn through
pesticides did not find an association between maternal blood Mn
(median = 24.0 pug/L) and any scale of BSIDIII assessed at 1 year of age
(Mora et al., 2018). In the same way, Takser et al. (2003) found no
relationship between Mn, measured in maternal blood at delivery
(GM 20.4 pg/L), and children's neuropsychological development
assessed at 6 months and 3 and 6 years of age. Nevertheless, the same
authors observed a statistically significant negative relationship be-
tween cord blood Mn (geometric mean 38.5 pg/L) and attention,
non-verbal memory and hand skills assessed at 3 years old. Conversely,
Claus-Henn et al. (2017) observed a statistically significant inverse
association between Mn measured in maternal  blood

Table 2
Multivariate linear regression
demographic and dietary factors.

between maternal serum Mn and socio-
INMA Project (Valencia and Gipuzkoa, Spain,

2004-2008).
Beta 95%CI p-val®

Maternal working status

Non-working

Working -0.05 -0.10 0.00 0.04
Dairy products ” 0.00 —0.01 0.01 0.70
Eggs’ —-0.07 -0.33 0.19 0.59
Meat” 0.01 —-0.03 0.06 0.63
Seafood and shellfish” -0.01 -0.07 0.06 0.86
Fruits” 0.00 -0.01 0.01 0.91
Vegetables” —-0.01 -0.03 0.02 0.64
Nuts” 0.21 0.01 0.41 0.04
Legumes” —-0.05 -0.15 0.04 0.30
Potatoes” —0.03 —0.09 0.04 0.40
Cereals and bread” -0.01 —0.05 0.02 0.45
Coffee and others infusions” 0.01 0.00 0.02 0.07

95%CI: 95% confidence intervals.
Model adjusted for area of study and all variables in the table.

@ p-value from ANOVA F- test (adjusted for area of study [Gipuzkoa,
Valencia]).

> 100 g per day at first trimester of pregnancy, adjusted by calories.
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Table 3

Multivariate linear regression analysis between maternal Mn levels and child
neuropsychological development assessed by Bayley Scores at 1 year old. INMA
Project, Spain.

Mental scale Psychomotor scale

beta 95%CI P beta 95%CI P
Model 1 -0.39 —-273 195 0.74 —0.92 —3.48 165 043
Model 2 —0.41 -2.83 201 0.74 —0.96 -3.72 180 043
Model 3 —0.30 —-2.64 204 0.80 -0.77 —-3.35 1.82 0.56

Maternal serum Mn concentrations were log2 transformed.

Model 1: All models adjusted for children's age at evaluation, psychologist, area

of study (Gipuzkoa/Valencia), child's sex and consumption of nuts at first tri-

mester of pregnancy.

Mental scale model additionally adjusted for maternal age and body mass index

before pregnancy.

Psychomotor scale model additionally adjusted for parental social class, ma-

ternal educational level and paternal age.

Model 2: model 1 + maternal serum ferritin (log2 transformed) at first tri-

mester of pregnancy.

Model 3: model 1 + maternal serum selenium at first trimester of pregnancy.
@ p-value from ANOVA F-test.

(median = 24.0 ug/L), but not in cord blood (median = 43.1 pg/L),
and the mental and psychomotor scales assessed using the BSIDII at 24
months of age.

In our study, the non-linear models did not improve the model's fit.
These results are in agreement with those from Mora et al. (2018), who
found that the shape of most associations between maternal blood Mn

1101
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during pregnancy and neurodevelopment assessed through BSIDIII
scale at 1 year of age was linear. Mufioz-Rocha et al. (2018) also
evaluated the shape of the relationship between Mn levels, measured in
maternal and cord blood, and child neuropsychological development
assessed in 2-year-old children from Mexico. They observed non-linear
patterns for the cord blood Mn levels (mean = 50.1 ug/L) but linear
ones for the maternal levels (mean 27.7 ug/L). Some studies have
suggested the existence of a threshold value in Mn levels above which
the association with neuropsychological development becomes evident.
Thus, a Korean cohort reported an inverse association between prenatal
Mn and the mental and psychomotor development at 6 months old only
when maternal blood Mn levels were > 30 pug/L (Chung et al., 2015).
Similarly, Lin et al. (2013) found a negative association between cord
blood Mn levels and cognitive and language scores at levels above
59 pg/L in 2-year-old children from Taiwan. This disparity between the
results of our study and findings in other works may be due to the fact
that Mn concentrations in our population (GM [95%CI] 1.50
[1.48-1.53] pg/L in maternal serum) could be within a normal/
homeostatic range, in which this compound behaves as an essential
element.

The literature on the relationship between prenatal Mn levels and
neuropsychological development in childhood is still scarce and the
results observed are too heterogeneous to draw any definite conclu-
sions. The inconsistency in the findings could be due to the use of dif-
ferent matrices to measure Mn concentrations (whole blood, serum and
plasma). After absorption, Mn is rapidly distributed to the organs
through the blood. The liver is the main organ that regulates Mn levels
in the body. Excess Mn is sequestered by the liver and excreted into the

110
105
100
95
90
i R 2 C s
e ,
-1 0 1 2 3 4
log2 Mn (ug/L)

Fig. 1. Association between maternal serum Mn at first trimester of pregnancy and the mental and psychomotor scales assessed by the Bayley Scores of Infant
Development at 12 months of age. INMA Project (Valencia and Gipuzkoa, Spain).
Both models adjusted for children's age at evaluation, psychologist, area of study child sex and nuts consumption at first trimester of pregnancy. Mental scale model
additionally adjusted for maternal age and body mass index before pregnancy. Psychomotor scale model additionally adjusted for parental social class, maternal

educational level and paternal age.
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bile, maintaining an adequate physiological level of Mn in the plasma.
For this reason, Mn has a short half-life in blood and plasma/serum,
resulting in a weak relationship between indicators of Mn exposure and
Mn status (EFSA Panel on Dietetic Products Nutrition and Allergies,
2013; Zheng et al., 2011). However, Mn serum concentrations seem to
be slightly sensitive to large variations in Mn intake, but this fact is not
conclusive (Institute of Medicine (US) Panel on Institute of Medicine
(US) Panel on Micronutrients, 2001). In 2013, the European Food
Safety Authority concluded that, due to the efficient homeostatic me-
chanism, there was no reliable biomarker of Mn status, thus resulting in
a weak relationship between indicators of Mn exposure and Mn status
(EFSA Panel on Dietetic Products Nutrition and Allergies, 2013;
Lucchini et al., 2015).

Differences between the present study and previous ones as regards
sample collection could also be influencing the heterogeneity of the
results. In most of the previous studies, Mn concentrations were mea-
sured in the final period of pregnancy or at birth. It has been observed
that there is a tendency toward increased maternal Mn levels during
pregnancy (Spencer, 1999; Takser et al., 2004), probably related to a
higher intestinal absorption of this element due to the physiological
iron deficiency during this period (Abbassi-Ghanavati et al., 2009;
Finley, 1999). The concentrations in cord blood have been observed to
be consistently higher than in maternal blood (Arbuckle et al., 2016;
Krachler et al., 1999; Takser et al., 2004), probably due to an active
transport through the placenta (Krachler et al., 1999) or a more defi-
cient homeostatic mechanism in fetuses than in adults (Aschner and
Aschner, 2005). This fact and the medium-weak correlation between
maternal Mn blood and cord blood Mn concentrations observed in
several studies (Guan et al., 2013; Krachler et al., 1999; Zota et al.,
2008) could be suggesting that cord blood Mn concentrations would be
a better biomarker of prenatal exposure to Mn than maternal blood, but
only for the last period of pregnancy due to the short half-life in blood
(Agency for Toxic Substances and Disease Registry, 2012; Zheng et al.,
2011).

In our population, the median of maternal Mn at the first trimester
of pregnancy was 1.45 ug/1 (IQR = 1.30-1.67) ug/L. These levels were
lower than in other populations of pregnant women previously studied.
For example, in a study conducted in China (Yu et al., 2013), the
median of serum Mn levels observed was 2.8 pg/L. Similar levels were
observed in a case-control study in Sweden, where the median of Mn in
pregnant women from the control group was 2.7 pg/L (Ode et al.,
2015). These differences could be explained, in part, by the differences
in the period of sampling. In these two studies, the samples were col-
lected at delivery, whereas in our study samples were collected at the
first trimester of pregnancy.

Exposure to Mn through drinking water in the Spanish general po-
pulation is low (approximately 99% of water supply controls were
below the WHO guide value of 400 pg/L) (Palau Miguel et al., 2008). In
addition, the daily intake of Mn estimated in some studies is situated
within the range of the adequate daily requirement proposed by the
WHO (2-5 mg per day) (Goni and Hern, 2019; Rubio et al., 2009; World
Health Organization, 1996). With regard to diet, in our study, con-
sumption of nuts was the only factor associated with maternal Mn le-
vels, even when the model was adjusted for the rest of the dietary
variables. This type of food usually has high levels of Mn, reaching a
concentration in some studies of around 12 mg/kg in France (Agence
nationale de sécurité sanitaire de 1'alimentation de l'environnement et
du travail, 2011), 18 mg/kg in Italy (Filippini et al., 2018) or 25 mg/kg
in the United Kingdom (Rose et al., 2010). Consumption of coffee and
other infusions (such as tea) was marginally associated with maternal
levels in our study. Tea in fact contains high levels of Mn (Agency for
Toxic Substances and Disease Registry, 2012). In Rose et al. (2010), the
beverage group (including tea, coffee, cocoa, chocolate and malt
drinks) was the highest contributor of Mn to the population's dietary
exposure (41%). Some total diet studies have shown that the main
contributor to Mn levels in the general population was cereals, mainly

72

International Journal of Hygiene and Environmental Health 224 (2020) 113443

due to the high frequency of consumption of these products (Filippini
et al., 2018; Gimou et al., 2014; Rose et al., 2010; Rubio et al., 2009).
Filippini et al. (2017) found the consumption of vegetables and legumes
to be correlated with serum Mn in adults. Lastly, Irizar et al. (2019)
found a significantly positive association between the consumption of
eggs, cereals and nuts during pregnancy and neonatal hair Mn levels.
Maternal working status was associated with Mn levels in our popula-
tion, non-working mothers being the ones with the highest Mn con-
centrations. This subgroup had higher cereal consumption than
working mothers (107 vs. 96.6 g/day, p < 0.01), but lower nut con-
sumption 5.1 vs. 7.1 g/day, p < 0.01). Although in our study cereals
were not related to Mn levels, this variable could reflect part of another
unmeasured explanatory factor.

In the present study, women with iron deficiency (indicated through
serum ferritin below 15 pg/L) presented slightly higher Mn levels than
women with normal iron status (GM: 1.53 and 1.50 ug/L, respectively),
although the differences were not statistically significant (p
value 0.34). There is experimental evidence of the competition be-
tween Mn and Fe in the blood brain barrier and, in fact, it has been
suggested that both elements share absorption and transport mechan-
isms (Agency for Toxic Substances and Disease Registry, 2012). How-
ever, very few epidemiological studies have evaluated the relationship
between iron and manganese. To the best of our knowledge, only one
birth cohort study has evaluated the effect of the interaction between
maternal iron status and prenatal Mn on child neurodevelopment, the
results showing an inverse relationship between prenatal Mn levels and
both mental and psychomotor development only among 6-month-old
children whose mothers had lower haemoglobin concentrations.
Nevertheless, the interaction was only significant for girls (Gunier et al.,
2015). In our study, the interaction term between maternal serum Mn
and serum ferritin was non-significant for any scales (p = 0.82).

Finally, in our study, we did not find an interaction between Mn
exposure and child's sex (p interaction = 0.81 and 0.39 for mental and
psychomotor scores, respectively). Previous evidence has shown that
sex could modify the association between Mn exposure and neu-
ropsychological development. Gunier et al. (2015) found a significant
interaction between postnatal Mn exposure, measured in teeth dentine,
and mental and psychomotor scales at 6 months. For prenatal exposure,
the same study reported a significant interaction between prenatal Mn
exposure and maternal haemoglobin levels for mental scale only in
girls. Bauer et al. (2017) reported a U-shaped relationship between
prenatal Mn levels measured in teeth dentine and visuospatial devel-
opment, only in girls. In a recent study, Broberg et al. (2019) found a
significant positive relationship between soil Mn levels and some neu-
robehavioral problems only in girls. Moreover, the same study de-
monstrated a genetic influence of the polymorphisms in genes coding
Mn transporters SCL30A10 and SLC39A8, this influence being stronger
in girls. In contrast, other studies did not find any effect modification of
sex on postnatal Mn exposure and neurobehavioral functions (Bouchard
et al., 2007; Oulhote et al., 2014).

This study has several limitations. Firstly, around 85% of the chil-
dren recruited in the birth cohort participated in this study. This loss to
follow-up could represent a bias in the estimation of some exposure-
outcome associations, since the participants in the study had a more
privileged socioeconomic profile than non-participants. Another
drawback in our study could be related to the assessment of Mn ex-
posure because the analysis of Mn has been carried out at only one time
point during pregnancy. This could reflect only recent Mn exposure and
hamper the evaluation of long-term exposures. As the vulnerability of
the central nervous system extends from the beginning of pregnancy to
adolescence, it would have been more appropriate to measure Mn at
several time points during pregnancy, birth and the postnatal period.
Infants are exposed to Mn mainly from their diet. As the Mn con-
centrations in breast milk are low (EFSA Panel on Dietetic Products
Nutrition and Allergies, 2013), formula milk seems to be the main
contributor to infants' Mn body burden (Frisbie et al., 2019). Thus, both



R. Soler-Blasco, et al.

prenatal and postnatal exposure to Mn could be affecting children's
neuropsychological development. Unfortunately, in the present study
we have not assessed the postnatal exposure to Mn. Another limitation
is that the maternal serum ferritin variable had 8.48% of missing data,
which can lead to a loss of statistical power in the model where this
variable was included. Finally, the present study has a lack of genetic
information on Mn transporters, so the influence of this variable could
not be proved. The major strength of our study is its prospective design,
which made it possible to obtain sufficient and comprehensive in-
formation about maternal and children's characteristics, including le-
vels of other metals and essential elements that may affect both Mn
exposure and neuropsychological development. Another advantage
would be the considerably large sample size in comparison with other
previous studies.

5. Conclusion

In conclusion, the results of the present study did not suggest any
effect of the early prenatal levels of Mn on neuropsychological devel-
opment during the first year after birth. It is possible that the prenatal
Mn levels observed may be within physiological limits, below the cut-
off point from which this element could cause neurological adverse
effects. These findings add information to the body of scientific
knowledge about the adequate prenatal Mn levels and the window of
susceptibility to its exposure. Nevertheless, similar epidemiological
studies are necessary in order to improve our knowledge about the safe
range of this compound in the prenatal period and the factors that can
affect the homeostatic mechanism.
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arsenic species and methylation efficiency during pregnancy: concentrations and associated
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Resumen

Introduccién: El arsénico (As) se considera tdxico para los seres humanos y las principales vias de
exposicion son el agua potable y la dieta. Una vez ingerido, el arsénico inorgdnico se puede
metilar secuencialmente a monometil y dimetil arsénico. Varios factores pueden afectar tanto la
exposicion al As como la eficiencia en la metilacién. Objetivos: Describir las concentraciones
urinarias de las diferentes especies de As y evaluar la eficiencia de metilacién durante la
gestacion, asi como sus factores asociados en una cohorte de nacimiento de gestantes espafiolas.
Métodos: en este estudio transversal participaron 1.017 mujeres embarazadas de dos zonas de
Espafia participantes en el proyecto INMA (Medio Ambiente e Infancia) (2003-2008). Se midié As
total (compuestos organicos e inorganicos) y sus principales metabolitos (acido
monometilarsénico, [MMA], acido dimetilarsinico, [DMA], As inorgénico [iAs]) y arsenobetaina
[AB]) en muestras de orina recogidas durante el primer trimestre. La informacion
sociodemografica y dietética se recopild mediante cuestionarios. Se utilizaron modelos de
regresion lineal multivariante para explorar la asociacién entre las concentraciones de especies
de Asy las covariables. La eficiencia de metilacién del As se determind a través de los porcentajes
de los metabolitos y utilizando fenotipos de metilacidon As, obtenidos mediante el analisis de
componentes principales. Resultados: Las medianas de las concentraciones fueron 33,0, 21,6,
6,5, 0,35y 0,33 ug/creatinina para el As total, AB, DMA, MMA e iAs, respectivamente. El consumo
diario de arroz y pescado durante el primer trimestre del embarazo se asocid positivamente con
la concentracién de especies de As (B e intervalo de confianza al 95% [IC95%)] = 0,36 [0,09 a 0,64]
para arroz e iAs, y 1,06 [0,68 a 1,44] para pescado y AB). Las concentraciones de TA, AB e iAs, y
las concentraciones de DMA y MMA se asociaron con el consumo de legumbres y verduras,
respectivamente. Las medianas del porcentaje de metabolitos de As fueron 89,7 para %DMA, 5,1
para %XMMA y 4,7 para %iAs. Las mujeres no fumadoras y aquellas con mayor indice de masa
corporal presentaron una mayor eficiencia de metilacion (denotado por un mayor %DMA y menor
% MMA). Conclusién: Se observd que ciertos factores dietéticos, de estilo de vida y ambientales
influyeron tanto en las concentraciones de especies de As como en la eficiencia de metilacion en
nuestra poblacion. Se necesitan mas estudios de cohortes de nacimiento en areas de baja
exposicion para mejorar el conocimiento sobre la exposicion al arsénico, especialmente a formas
inorgdanicas, y su posible impacto en la salud durante la infancia.
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ARTICLE INFO ABSTRACT

Keywords: Background: Arsenic (As) is considered to be toxic for humans, the main routes of exposure being through
Arsenic drinking water and the diet. Once ingested, inorganic arsenic can be methylated sequentially to monomethyl and

Prenatal exposure
Pregnancy

Cohort studies
Arsenic metabolism

dimethyl arsenicals. Several factors can affect both As exposure and methylation efficiency.

Objectives: To describe the urinary concentrations of the different As species and evaluate the methylation effi-
ciency during pregnancy, as well as their associated factors in a birth cohort of pregnant Spanish women.
Methods: Participants in this cross-sectional study were 1017 pregnant women from two areas of Spain who had
taken part in the INMA (Environment and Childhood) project (2003-2008). Total As (organic and inorganic
compounds) and its main metabolites (monomethylarsonic acid, [MMA], dimethylarsinic acid, [DMA], inorganic
As [iAs]) and arsenobetaine [AB]) were measured in urine samples collected during the first trimester. Socio-
demographic and dietary information was collected through questionnaires. Multivariate linear regression
models were used to explore the association between As species concentrations and covariates. Arsenic
methylation efficiency was determined through the percentages of the metabolites and using As methylation
phenotypes, obtained from principal component analysis.

Results: Median urine concentrations were 33.0, 21.6, 6.5, 0.35 and 0.33 ug/g creatinine for total As, AB, DMA,
MMA and iAs, respectively. Daily consumption of rice and seafood during the first trimester of pregnancy were
positively associated with the concentration of As species (i.e., p [CI95%] = 0.36 [0.09, 0.64] for rice and iAs,
and 1.06 [0.68, 1.44] for seafood and AB). TAs, AB and iAs concentrations, and DMA and MMA concentrations
were associated with legume and vegetable consumption, respectively. The medians of the percentage of As
metabolites were 89.7 for %DMA, 5.1 for %MMA and 4.7 for %iAs. Non-smoker women and those with higher
body mass index presented a higher methylation efficiency (denoted by a higher %DMA and lower %MMA).

Abbreviations: AB, Arsenobetaine; As, arsenic; AS3MT, Arsenic [+3 oxidation state] methyltransferase gene; BMI, body Mass Index; Cd, cadmium; CI, confident
intervals; DMA, dimethylarsinic acid; EFSA, European Food Safety Authority; FFQ, food frequency questionnaire; GM, geometric mean; GSH, glutathione; HPLC,
high-performance liquid chromatography; iAs, inorganic arsenic; ICP-MS, inductively coupled plasma mass spectrometry; INMA, INfancia y Medio Ambiente
(Environment and Childhood); LOD, limit of detection; MMA, monomethylarsonic acid; Mn, manganese; 0As, organic Arsenic; OCM, one-carbon metabolism; PCA,
principal component analysis; SAM, S-adenosylmethionine; SD, standard deviation; Se, selenium; TAs, total arsenic; ZAs, sum of iAs DMA and MMA; w.w., wet
weight; WHO, World Health Organization; Zn, zinc.
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Discussion: Certain dietary, lifestyle, and environmental factors were observed to have an influence on both As
species concentrations and methylation efficiency in our population. Further birth cohort studies in low exposure
areas are necessary to improve knowledge about arsenic exposure, especially to inorganic forms, and its potential

health impact during childhood.

1. Introduction

Arsenic (As) is a toxicant that appears naturally in the soil; however,
several human activities also contribute to the presence of As in the
environment (European Food Safety Authority, 2009; Fowler et al.,
2015). Arsenic can be classified into two groups: organic and inorganic
compounds, the inorganic forms being the more toxic species. In some
areas of Bangladesh, India, Vietnam, China, Argentina, Chile, Mexico,
Australia and USA, the levels of As in drinking water are above the
maximum guideline value recommended by the World Health Organi-
zation (WHO) in 2003 (10 pg/L) (World Health Organization, 2017),
water consumption being the main exposure route for iAs. In regions
with low levels of As in water, such as Spain, the main source of exposure
to inorganic As (iAs) is rice consumption (European Food Safety Au-
thority, 2014). Regarding organic As (0As), the main contributor is the
consumption of seafood. Arsenobetaine (AB) is usually the major form of
arsenic in fish and other seafood. This compound and other oAs forms,
such as arsenosugars and arsenolipids, are generally considered less
toxic than iAs, although in vitro studies revealed cytotoxic effects of
certain arsenic-containing hydrocarbons (Bornhorst et al., 2020).

Arsenic absorbed by the gastrointestinal tract is biotransfomed
mainly in the liver (Drobna et al., 2010). Currently, the biotransfor-
mation mechanism is not entirely clear, and several possible pathways
have been described (Cullen, 2014). The classic pathway proposed by
Challenger (1945) was based on the enzymatic reduction and oxidative
methylation of As. In this scheme, ingested iAs is reduced (from arsenate
-iAsY- to arsenite -iAs™-) and methylated to monomethylarsonic acid
(MMA) and dimethylarsinic acid (DMA), S-adenosylmethionine (SAM)
being the main donor of the methyl group (Cullen, 2014; Howe et al.,
2014). After this biotransformation process, iAs is excreted through the
urinary system. In general, the most frequent proportions of the me-
tabolites observed in urine are 60-80% of DMA, 10-20% of MMA and
10-30% of iAs (Vahter, 1999). These relative concentrations reflect the
iAs methylation efficiency, indicated by a high %DMA and lower %MMA
and %iAs, especially in populations exposed to high levels of iAs through
drinking water (Vahter, 1999). This methylation process is considered to
be a detoxification mechanism, although high reactivity and toxicity of
intermediate compounds, such as MMA, has been demonstrated (Vahter,
2002). Several factors can influence the methylation efficiency, such as
age, sex, alcohol and tobacco consumption (Shen et al., 2016; Tseng,
2008). Some nutritional factors seem to increase the efficiency of iAs
methylation, especially micronutrients involved in one-carbon meta-
bolism (OCM), such as vitamins Bg and Bqs, betaine, choline and folic
acid (Bozack et al., 2019; Gamble et al., 2006; Heck et al., 2007; Howe
et al., 2017a; Kurzius-Spencer et al., 2017; Laine et al., 2018; Spratlen
et al., 2017). Likewise, other experimental and epidemiological studies
have shown that some elements, such as selenium (Se), manganese
(Mn), zinc (Zn), or cadmium (Cd) can have an influence on As meta-
bolism or interact with this metalloid (Nordberg et al., 2005; Rahman
et al.,, 2019; Sun et al., 2014; Valeri et al., 2016). Regarding organic
forms, AB is excreted unchanged in urine, but other organic forms, such
as the arsenosugar and arsenolipid species present in seafood, seem to be
metabolized and produce DMA (European Food Safety Authority, 2009;
Molin et al., 2012; Taylor et al., 2017a).

The effects of As exposure have been studied extensively. In 2009, As
and iAs compounds were classified as carcinogenic to humans (Inter-
national Agency for Research on Cancer, 2012). Other health effects
described in adults have been an increased risk of respiratory, cardio-
vascular, and metabolic diseases (Agency for Toxic Substances and
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Disease Registry, 2016; Moon et al., 2012; Sanchez et al., 2016).
Furthermore, a lower As methylation efficiency has been related to a
higher risk of skin lesions, bladder, lung and skin cancer, and peripheral
vascular disease (Gamboa-loira et al., 2017; Tseng, 2007). The fetus
could be exposed to this toxicant due to transfer of maternal As across
the placenta (Gossai et al., 2015). Methylation efficiency has been
observed to be augmented during pregnancy, thus increasing the
excretion of DMA (Hopenhayn et al., 2003). Nevertheless, several
studies have identified adverse effects on fetal and child development
caused by prenatal exposure to As, such as miscarriage, low birth
weight, skin lesions, respiratory effects, and impairment of neuropsy-
chological development (Freire et al., 2018; Hamadani et al., 2011;
Parajuli et al., 2013; Quansah et al., 2015; Sanchez et al., 2016).

Therefore, the aim of this study is to describe the concentrations of
total As (TAs) and the different urinary As species (DMA, MMA, AB and
iAs) and the methylation efficiency in a birth cohort of pregnant Spanish
women. Additionally, we have studied the factors (nutritional, socio-
demographic and lifestyle variables) associated with both As exposure
and methylation efficiency.

2. Materials and methods
2.1. Study population

In this cross-sectional study, subjects were pregnant women
participating in the INMA (Environment and Childhood) Project, a
multicentre birth cohort study that aims to investigate the effect of
environmental exposures and diet during pregnancy and childhood on
fetal and child development in different geographical areas of Spain (htt
p://www.proyectoinma.org).

The study protocol has been reported elsewhere (Guxens et al.,
2012). Briefly, 1465 pregnant women were recruited during their first
antenatal visit (2003-2008) in two regions of Spain: Gipuzkoa (north of
Spain, n=638) and Valencia (east of Spain, n=855). The inclusion
criteria were: at least 16 years of age, 10-13 weeks of gestation,
singleton pregnancy, intention of undergoing follow-up and delivery in
the corresponding centre of reference, and no impediment for commu-
nication. These women were monitored during pregnancy. The final
study population was made up of 1017 mothers with available urinary
arsenic species concentrations at the first trimester of pregnancy (69.4%
of total recruited participants). These mothers were selected taking into
account two criteria: 1) availability of longitudinal information about
their children until 2 years old (in order to assess the potential health
effects of prenatal As exposure in further studies), and 2) from the
women who met the first criterion we randomly selected a subsample of
1017 due to limited funding for the As analysis.

The study protocol was approved by the Ethics Committee of the
university hospital La Fe (Valencia), the Ethics Committee of the Public
Health Research Centre in Valencia (CSISP) and the Ethics Committee of
Donostia Hospital (Gipuzkoa). Informed consent was obtained from all
participants in each phase.

2.2. Study variables and sources of information

2.2.1. Outcome variable: urinary arsenic speciation analysis

Concentrations of total As and its metabolites were determined in
spot urine samples collected in the first trimester of pregnancy (mean
[SD]=13.0 [1.2] weeks of gestation). Urine samples were kept frozen at
—80 °C until analysis.
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The total As concentrations were determined with an inductively
coupled plasma tandem mass spectrometer (ICPMS/MS, 8800, Agilent
Technologies, Waldbronn, Germany) with oxygen as the reaction gas at
m/z 75 — 91. An external calibration was used for quantification, from
0.05 to 100 pg As/L. The certified reference materials (CRM) SRM 1640a
(Trace elements in natural water, NIST, Gaithersburg, USA, n=12) and
SRM 2669 I and II (Arsenic Species in Frozen Human Urine, n=14) were
used for quality control. A calibration standard was re-measured after
every 10th sample to monitor the stability of the measurement.

Chromatographic separation of the arsenic compounds was carried
out in accordance with a previously validated method (Scheer et al.,
2012). An external calibration was used for quantification. It contained
arsenate, MMA, DMA and AB in the concentration range 0.05-100 pg
As/L. Hydrogen peroxide (10% v/v) was added to oxidize the species.
For quality control, the CRMs SRM 1640a (n= 5), SRM 2669 I (n = 8)
and SRM 2669 II (n = 22) were prepared similar to the urine samples
and also investigated. The 1.0 pg As/L calibration standard was injected
regularly to control the stability of the measurement. Every 10th sample
was also re-measured for the same purpose. Of all the samples analysed
(1017), 102 were re-analysed, which represents 10%. These second
measurements matched the first in 100 + 3% of the cases.

HPLC (1200, Agilent Technologies) coupled to ICPMS/MS (8800,
Agilent Technologies) was employed for speciation analysis. The arsenic
signal was again recorded in oxygen reaction mode at m/z 75 — 91, with
the addition of CO2 for signal enhancement.

TAs concentrations and the sum of all As species were compared.
When the difference was larger than 15%, either the total arsenic or the
speciation analysis was repeated (124 samples).

Limits of detection (LOD) of AB, DMA, MMA and iAs for the samples
from Valencia were 0.02, 0.02, 0.03 and 0.03 pg/L and for the Gipuzkoa
samples they were 0.02, 0.03, 0.03 and 0.02 pg/L. When samples were
below LOD, ' LOD was assigned for the statistical analysis (2.8% of
samples for MMA levels and 2.3% of samples for iAs levels).

2.2.2. Covariates

2.2.2.1. Sociodemographic variables. Women filled in two question-
naires during their pregnancy, at the first and the third trimesters of
gestation (mean [SD]= 13.1 [1.5] and 32.5 [2.2] weeks of gestation,
respectively). The questionnaires were administered by trained in-
terviewers and focused on sociodemographic, environmental and life-
style information. In both cohorts, the questionnaires were offered in
Spanish and, additionally, in the co-official language (Basque) in the
Gipuzkoa cohort. We selected the covariates used in this study from the
previous literature on this topic (European Food Safety Authority, 2014;
Nigra et al., 2019; Saxena et al., 2018; Shen et al., 2016; Tseng, 2008):
age at conception (years), education level (up to primary, secondary,
university), place of birth (Spain, Latin America, other), body mass
index (BMI, kg/m?) before pregnancy (continuous and categorized by
low and healthy weight [<25], overweight [25 < 30], obesity [>30]),
parity (0, >1), working status at first trimester of pregnancy
(non-worker, worker), area of residence (rural, non-rural), tobacco and
alcohol consumption in the first trimester of pregnancy (yes, no), and
season of sample collection (spring, summer, winter, autumn). Subjec-
tive variables about the proximity of the residence to industrial or
agricultural areas (yes, no) and frequency of traffic near the residence
(continuous, quite frequent, infrequent/never) were collected.

We defined parental social class from the maternal or paternal
occupation during pregnancy with the highest social class, according to
the Spanish adaptation of the International Standard Classification of
Occupations coding system approved in 1988 (ISCO88). Class I + II
included managerial jobs, senior technical staff, and commercial man-
agers; Class III included skilled non-manual workers; and class IV + V
included manual and unskilled workers.

79

Environmental Research 196 (2021) 110889

2.2.2.2. Dietary variables. Information on diet during the first trimester
of pregnancy was obtained from a 100-item semi-quantitative food
frequency questionnaire (FFQ) completed at the time of sampling. The
dietary information covered the time from the last menstruation to the
first prenatal visit, which occurred between weeks 10 and 13 of preg-
nancy. This FFQ was validated with good reproducibility for nutrient
and food intake (Vioque et al., 2013). The items had nine possible re-
sponses, ranging from ‘never or less than once per month’ to ‘six or more
per day’. A commonly used serving size was specified for each food item
in the FFQ. This was converted to average daily intake in grams for each
individual participant. We obtained data on the intake of dairy products,
eggs, meat, seafood and shellfish, fruits, vegetables, legumes, nuts, po-
tatoes, cereals and bread, and coffee and other infusions. Some foods
were explored in a more comprehensive manner due to their clear
relationship with As concentrations, as is the case of rice, other cereals
and bread, fish split into categories (lean fish, oily fish and shellfish and
molluscs), and meat split into categories (red and white meat) (Euro-
pean Food Safety Authority, 2009). Moreover, we obtained information
about consumption of tap water (less than 1 glass [250 cc] a day, 1 or
more glasses a day).

Additionally, dietary folate, folic acid, vitamins By and Bg, iron (Fe)
and Zn intake were estimated using the food composition tables of the
US Department of Agriculture (U.S. Department of Agriculture: Agri-
cultural Research Service USDA, 2007) and with Spanish sources (Palma
et al., 2008). Energy-adjusted intakes were computed using the residual
method (Willet, 2013). Information on the intake of supplements (brand
name, dose and composition) was also collected, converted into nutrient
intake daily dose, and added to the calculation of total daily nutrient
intake (Vioque et al., 2013). Moreover, categorical variables were
created for estimated vitamins B13 and Bg, folate, Fe and Zn intake (<or
> the Population Reference Intake for Fe, Zn and vitamin Bg and
adequate intake for folate and vitamin Bys) (European Food Safety Au-
thority, 2019).

2.2.2.3. Other elements. Mn and Se concentrations were determined in
serum samples taken at the first trimester of pregnancy. More infor-
mation about the methodology has been reported in detail elsewhere
(Lozano et al., 2020; Soler-Blasco et al., 2020). Cd concentrations were
determined by ICPMS in urine samples taken at the first trimester of
pregnancy. Creatinine concentrations were measured in the same urine
samples at the first trimester of pregnancy by DRI® Crea-
tinine-Detected® Test using AV680 from Beckman Coulter. The quan-
tification of maternal plasmatic levels of ferritin was performed by
fluoroimmunoassay (DELFIA Ferritin kit A069-101), in the Gipuzkoa
Public Health Laboratory. In Valencia, the quantification was performed
at La Fe hospital through immunoturbidimetry in Beckman Coulter AU
analysers (Arija et al., 2019).

2.3. Statistical analysis

Descriptive and bivariate analyses were performed using Fisher’s
Exact Test for categorical variables and the Kruskall Wallis Test for
continuous variables in order to detect any differences between the
included and the excluded populations.

In populations with moderate-high fish/seafood consumption, the
Y As could not properly reflect the exposure to inorganic As, because 0As
from seafood contributes to DMA levels and TAs (Navas-Acien et al.,
2011). To eliminate the influence of seafood arsenicals, we calibrated
the methylated and non-methylated species concentrations using a
mathematical method proposed by Jones et al. (2016). In brief, AB
concentrations were used as a marker of seafood consumption. Using
linear regression models, calibrated iAs, DMA and MMA concentrations
were estimated by regressing the measured concentrations of iAs, MMA,
and DMA on AB and creatinine concentrations (all measures were log-2
transformed) in three separate models. The new calibrated iAs, MMA
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and DMA concentrations were calculated by adding the residual of each
metabolite model to a constant (mean level of each metabolite estimated
from participants with AB<1 pg/L).

We calculated the geometric mean (GM) and 95% confidence in-
tervals (95%CI) of the urinary TAs, AB, DMA, MMA, iAs, and XAs (as the
sum of iAs, DMA and MMA]) for both measured and calibrated con-
centrations. Additionally, GM and 95%CI of the measured concentra-
tions were calculated according to sociodemographic, environmental
and dietary characteristics of the study population. Concentrations were
expressed in pg/L and corrected to creatinine content (ug/creatinine).
The GMs were compared using the ANOVA F-test. For further analysis,
we used the log2 and probit-transformed values of the urinary As species
concentrations and the percentage of the individual metabolites,
respectively, to approach normality.

Bivariate and multivariate linear regression models were built in
order to study the relationship between urinary As concentrations and
the sociodemographic, environmental, and dietary factors. Beta co-
efficients (p) and 95%CI were obtained. A two-step procedure was used
to construct the multivariate models. First, core models were built using
all the sociodemographic and environmental covariates associated with
a p value < 0.2 in the bivariate analysis. Following a backward elimi-
nation procedure, the covariates associated with each species at a level
of p value < 0.1 in the likelihood ratio test were retained in the model.
Second, each food group was adjusted in the core model individually.
The final multivariate models were built using the core model and all the
food groups associated with each species at a level of p value < 0.1 in the
likelihood ratio test. Although food intake or estimated nutrients vari-
ables were mutually correlated (Fig. S1 and Fig. S2), we found no
collinearity among them in the final models. The area of study (Valencia
or Gipuzkoa) and urinary creatinine levels in the first trimester of
pregnancy were included in all the models regardless of their statistical
significance.

Methylation As efficiency was determined through two approaches.
First, by calculating the percentage of the individual calibrated metab-
olites (iAs, MMA and DMA) over the sum of those species (£As). Second,
a principal component analysis (PCA) of the three calibrated, untrans-
formed and un-rotated percentages was performed. The main reason for
carrying out a PCA was to avoid the high correlation between the per-
centages of the three metabolites, by transforming the three interrelated
variables into two independent measures of As metabolism phenotypes
(Balakrishnan et al., 2016; Gribble et al., 2015; Jansen et al., 2016;
Spratlen et al., 2017). The results obtained through the PCA analysis
were two principal components (PC1 and PC2) that explained 100% of
the original variance. Therefore, these PC were used as As methylation

Table 1
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phenotypes.

We analysed the factors associated with the methylation efficiency
using the same procedure as described above. In particular, we per-
formed five different models by using the probit-transformed calibrated
%DMA, %MMA, %iAs and untransformed PC1 and PC2 as outcome
variables. In these models, the variables used in the second step were the
estimation of nutrients and vitamin intake described above and Se, Mn
and Cd concentrations. The area of study was also included.

To check whether linear regression assumptions were met, we
visually inspected model residuals for normality and homoscedasticity.
No influential data were identified by Cook’s distance. Variance infla-
tion factors (VIFs) were used to test for collinearity among variables in
the final models, all VIFs being <2.5. To deal with the possibility of
minor deviations from normality and homoscedasticity, confidence in-
tervals were calculated on the basis of robust standard error in the final
results.

Statistical analyses were carried out using R statistical package
version 3.5.1 (R Core Team, 2017).

3. Results
3.1. TAs and As metabolite concentrations and associated factors

Differences between included and excluded subjects are shown in
Table S1. Among the participants, there was a higher percentage of
slightly older women with a higher level of education and higher social
class than among the excluded women. There were no differences in rice
consumption. Participants showed higher fish consumption than the
excluded women. Among the participants, there was a slightly lower
percentage of women who did not take any vitamin supplement during
the period of the study (4% vs. 7%).

The GM [95%CI] of measured urinary TAs, £As and AB concentra-
tions were 35.55 [33.10-38.19], 7.74 [7.41-8.09] and 20.17
[18.34-22.19] pg/g creatinine, respectively. Table 1 shows measured
and calibrated As concentrations and the metabolite percentages. The
calibrated concentrations of metabolites were lower in all cases, espe-
cially for DMA concentrations (GM [95%CI] 6.82 [6.52, 7.14] pg/g
creatinine and 2.98 [2.85, 3.09] pg/g creatinine, in measured and
calibrated DMA concentrations, respectively). Correlations between
measured and calibrated metabolite concentrations were high (Pearson
correlation coefficient of 0.85 for DMA, and 0.99 for MMA and iAs, p
value < 0.01 in all cases). The correlation between DMA and TAs
decreased from 0.69 to 0.23 when the metabolite was calibrated
(Fig. S3).

Geometric mean and 95% confidence intervals of measured and calibrated” urinary As concentrations and percentages. INMA Project (Valencia and Gipuzkoa, Spain.

2003-2008).

Measured concentrations

Calibrated concentrations”

As concentrations ng/L ug/g creatinine pg/L ug/g creatinine
TAs 28.89 (26.81, 31.13) 35.55 (33.10, 38.19)
AB 16.40 (14.88, 18.08) 20.17 (18.34, 22.19)
TAs 6.28 (5.98, 6.59) 7.74 (7.41, 8.09) 2.94 (2.82, 3.06) 3.62 (3.48, 3.76)
DMA 5.54 (5.27, 5.82) 6.82 (6.52, 7.14) 2.41 (2.31, 2.51) 2.97 (2.85, 3.09)
MMA 0.28 (0.26, 0.29) 0.34 (0.32, 0.36) 0.19 (0.18, 0.20) 0.23 (0.22, 0.24)
iAs 0.27 (0.25, 0.29) 0.33 (0.31, 0.35) 0.21 (0.20, 0.23) 0.26 (0.25, 0.28)
Metabolite percentages
%DMA” 89.7 (89.3, 90.2) 84.4 (83.9, 84.9)
%MMA" 5.1 (4.8,5.3) 7.1(6.7,7.3)
%iAs” 4.7 (4.5,5.0) 7.6 (7.3, 8.0)

Note: TAs, Total As; £As, sum of DMA, MMA and iAs; DMA, dimethylarsinic acid; MMA, monomethylarsonic acid; iAs, inorganic As; %DMA, percentage of dime-
thylarsinic acid; %MMA, percentage of monomethylarsonic acid; %iAs, percentage of inorganic As.
The percentages of each metabolite were calculated: levels of the metabolite/(DMA + MMA + iAs)*100; ug/L: micrograms per litre. pg/g creat: micrograms per gram

of creatinine.
@ As metabolite concentrations corrected by arsenobetaine concentrations;
> Median (95% confidence intervals).
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Fig. 1. Beta coefficients (CI95%) of the multivariate linear regression between measured levels of arsenic metabolites in maternal urine, and sociodemographic and
dietary factors. INMA Project (Valencia and Gipuzkoa, Spain, 2003-2008). Note: TAs, Total As; >"As, sum of DMA, MMA and iAs; DMA, dimethylarsinic acid; MMA,
monomethylarsonic acid; iAs, inorganic As; ref, category reference; Coll, collection: Prox.agric.area, proximity to agricultural area. Dietary factors are expressed in
100 g per day at first trimester of pregnancy, adjusted for calories. Reference categories: area of study (Gipuzkoa); season of sample collection (winter); maternal
country of birth (Spain); parental social class (high); proximity to agricultural area (no). Samples used in all models were n=1005, except for log2 MMA model
(n=994). TAs, AB, > As, DMA, MMA and iAs concentrations were log2-transformed.*Age and pre-pregnancy BMI variables were expressed as increments of 5 years

and 5 kg/m?, respectively.

Table S2 shows the total As and metabolite concentrations by
participant characteristics. Women from Gipuzkoa presented higher TAs
and AB concentrations and lower levels of MMA and iAs than those from
Valencia. Latin-American women presented higher concentrations of iAs
and MMA than the Spaniards, and very low AB levels. The urine samples
collected during spring presented higher levels of TAs, *As, DMA, MMA
and iAs. Consumption of more than 1 serving of rice per week was
associated with an increase in DMA, MMA and iAs concentrations.
Consumption of fish (<1 serving per week, 1 serving per week, > 1
serving per week) showed a clearly increasing trend with AB and TAs
concentrations.

The multivariate models for the factors associated with the concen-
trations for each of the measured As species can be observed in Fig. 1.
The area of study was significantly related to all As measures, except for
YAs concentrations. Women from Valencia presented higher concen-
trations of MMA (8 [95%CI]: 0.51 [0.35, 0.68], p value < 0.01) and iAs
(B [95%CI]: 0.44 [0.23, 0.65], p value < 0.01), but lower concentrations
of DMA (f [95%CI]: 0.17 [-0.31, —0.02], p= 0.03) and AB (f [95%CI]:
0.55 [-0.85, —0.24, p value < 0.01). Latin-American mothers showed
lower concentrations of AB and the TAs (§ [95%CI]: 1.88 [-2.65, —1.10],
p value < 0.01, and —0.74 [-1.22, —0.26], p value =0.01, respectively).
Parental social class was related to £As and DMA concentrations, lower
levels being observed in middle social class mothers (f [95%CI]: 0.23
[-0.40, —0.07], p value =0.01, and —0.22 [-0.39, —0.05], p value =0.01,
respectively). Pre-pregnancy BMI was negatively associated with MMA
and iAs concentrations (f [95%CI]: 0.03 [-0.04, —0.01], p value < 0.01,
and —0.03 [-0.04, —0.01], p =0.01, respectively). Proximity of resi-
dence to an agricultural area was positively and significantly related to
MMA concentrations (f [95%CI]: 0.14 [0.001, 0.27], p value =0.05).
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Regarding dietary variables, a positive and significant association
between seafood consumption and all As measures was observed, except
for MMA and iAs concentrations, with a stronger association with AB
concentrations (p [95%CI]: 1.06 [0.69, 1.43], p value < 0.01).

Similarly, rice consumption during pregnancy was positively asso-
ciated with all As measures (§ [95%CI]: 0.63 [0.27, 0.99], p value < 0.01
for TAs; 0.64 [0.46, 0.86], p value < 0.01 for XAs; 0.70 [0.47, 0.92], p
value < 0.01 for DMA; 0.50 [0.26, 0.73], p value < 0.01 for MMA; and
0.36 [0.09, 0.64], p value =0.01 for iAs), except for AB concentrations.
Consumption of other cereals was positively associated with iAs con-
centrations (f [95%CI]: 0.12 [-0.01, 0.25], p value =0.07). The associ-
ation between the intake of legumes and TAs and AB concentrations was
negative (p [95%CI]: 0.48 [-0.90, —0.05], p value =0.03; and —0.62
[-1.17, —0.07], p value =0.03, respectively), but positive for iAs ( [95%

Table 2
Summary of principal components analysis of calibrated” percentage As
metabolites.

PC1 PC2
Standard deviation 0.13 0.05
Proportion of variance 0.88 0.12
Weight for calibrated” %DMA 0.77 0.27
Weight for calibrated” %MMA -0.15 —0.80
Weight for calibrated” %iAs —-0.62 0.53

Note: PC1, principal component 1; PC2, principal component 2; %DMA, per-
centage of dimethylarsinic acid; %MMA, percentage of monomethylarsonic
acid; %iAs, percentage of inorganic As.

# As metabolite concentrations corrected for arsenobetaine and creatinine
concentrations.
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CI]: 0.38 [0.06, 0.71]). Meat consumption was negatively associated
with MMA concentrations (f [95%CI]: 0.26 [-0.43, —0.09], p value
=0.02). When seafood consumption was replaced by the different fish
categories (lean fish, oily fish, and shellfish and mollusc consumption), a
positive and significant association among the consumption of shellfish
and molluscs and TAs, AB, As, DMA and iAs concentrations was
observed (see Fig. S4). Similarly, the meat intake variable was split into
two different categories (red and white meat), and only red meat was
associated with the MMA metabolite (f [95%CI]: 0.39 [-0.61, —0.18], p
value < 0.01) (see Fig. S4).

3.2. Arsenic methylation efficiency and factors associated

The medians (95%CI) of the percentage of As metabolites were 89.7
(89.3, 90.2) for %DMA, 5.1 (4.8, 5.3) for %MMA, and 4.7 (4.5, 5.0) for
%iAs. When the percentage of As metabolites was calculated with the
calibrated concentration, we observed a decrease in %DMA (84.4 [83.9,
84.9]) and an increase in %MMA and %iAs (7.1 [6.7, 7.3] and 7.6 [7.3,
8.0], respectively) (see Table 1). The variability of these three variables
can be summarized by two principal components (Table 2). Principal
component 1 (PC1) explained 88% of the variance and reflected higher
%DMA, and lower %MMA and %iAs. Principal component 2 (PC2)
explained the remaining 12% of the variance and reflected higher %iAs
and lower %MMA.

The variables associated with the percentage of each calibrated
metabolite in the multivariate model can be observed in Table 3. The
area of Valencia was associated with a lower methylation (higher %
MMA and %iAs and lower %DMA). Latin-American mothers presented
higher %DMA and lower %MMA (B [95%CI]: 14.2 [1.5, 26.3 and —18.5
[-27.3, —9.8], respectively]), but this factor did not remain in the %iAs
model. Mothers who worked during pregnancy showed lower %MMA.
Tobacco consumption during the first trimester of pregnancy was asso-
ciated with higher %iAs (p [95%CI]: 6.1 [-0.07, 12.2]). Pre-pregnancy
BMI was associated with a higher methylation (lower %MMA and %
iAs and higher %DMA). Furthermore, gestational age at sampling was
inversely related to %MMA (f [95%CI]: 0.84 [-1.32, —0.36]). Regarding
the estimated nutrients, only the estimation of daily intake of Zn was
positively associated with %DMA in the bivariate analysis (Table S3),
and this association continued to be present in the multivariate model,
although in a marginal way (p [95%CI]: 7.71 [-1.39, 16.81]). The
micronutrients involved in the one-carbon metabolism evaluated (esti-
mated folate and vitamins Bg and By, intake) and other elements eval-
uated (serum Se and Mn concentrations) were not related to As
metabolite percentages in the bivariate or the multivariate analyses
(Table S3). Higher levels of urinary Cd were associated with higher %
MMA (f [95%CI]: 1.89 [0.28, 3.49]).

Finally, the variables associated with the As PC1 and PC2 methyl-
ation phenotypes in the multivariate model can be observed in Table 3.
Regarding PC1, the area of Valencia, tobacco consumption during
pregnancy and a higher estimated Fe intake were negatively associated
with PC1. Pre-pregnancy BMI was directly associated with PC1,
reflecting a better capacity to produce DMA. The factors associated with
PC2 were the area of study (lower among the Valencian women), the
place of birth (higher in Latin-American women), working situation
during pregnancy (higher among workers) and higher BMI.

4. Discussion

In the present study, we measured the urinary concentrations of As
metabolites in a large sample of pregnant women from Spain, a country
without high levels of environmental iAs exposure, and high rice and
seafood consumption. The main factor contributing to the As concen-
trations was diet, rice being the main source of exposure to inorganic
species (iAs, MMA and DMA) while seafood contributed mainly to DMA
and the organic form (AB). We also estimated the methylation efficiency
by two different approaches (the relative percentages of each As
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metabolite and a principal component analysis). The factors that were
most clearly associated were area of study, women’s place of origin,
body mass index and tobacco consumption. When the percentages of
calibrated iAs, MMA and DMA were combined into principal compo-
nents, 88% of the variance was explained by the first of them.

4.1. Concentrations of As and its metabolites during pregnancy:
comparison with previous studies

Concentrations of urinary inorganic As species in our study popula-
tion were lower than those observed in other areas. For example, in
Bangladesh or Chile the mean XAs concentrations [SD] were 112.0 [3.0]
and 55.8 [41.6] pg/L (Gardner et al., 2011; Jay Christian et al., 2006),
compared with the GM of 7.7 pug/g creatinine observed in the present
study (Table 4). Other populations with higher levels of ZAs are those
from Mexico and China, with median concentrations of 23.3 pg/L and
22.6 pg/g creatinine, respectively (Chou et al., 2014; Laine et al., 2015).
These areas present high levels of As in groundwater, due to geochem-
ical natural processes, and also anthropogenic processes, such as mining
or smelting (Litter et al., 2020). In our study, urinary concentrations of
iAs and MMA were higher than in other studies carried out on regions
with low levels of iAs in drinking water, such as some areas of USA,
Croatia, Slovenia and Canada (Howe et al., 2020; Stajnko et al., 2019;
Vaughan Watson et al., 2020). Conversely, in our study urinary AB
concentrations were higher than in other studies conducted in USA, the
main reason probably being the high fish and seafood consumption of
the Spanish population.

4.2. Factors associated with As exposure: dietary factors

In our study, rice consumption was the main predictor of TAs and all
As species, except for AB. A recent study conducted in Valencia (Spain)
showed that rice was a foodstuff with high total As and iAs content (0.15
and 0.06 mg/kg, respectively) (Marin et al., 2018). In that study, all the
samples were below the limits established by the European regulation
(0.20-0.25 mg/kg for iAs) (European Commission, 2015). In another
study carried out on the Iberian Peninsula (Spain and Portugal), the As
species concentrations were analysed according to the type of rice and
geographical region (Signes-Pastor et al., 2016). The results showed that
26% of the rice samples exceeded the levels of iAs established for
rice-based food for infants and young children (0.10 mg/kg). The same
study found that commercial brown rice was the type that presented the
highest levels of iAs and DMA species (0.16 and 0.084 mg/kg, respec-
tively), compared with polished rice, both produced in the Iberian
Peninsula region. Spain is the European country with the second highest
consumption of rice, after Portugal (11 kg per capita per year) (Food and
Agriculture Organization of the United Nations, 2017).

In our population, the consumption of 100 g of seafood increased the
urinary concentrations of AB by 109%. It is well-established that AB is
the major As species present in fish (European Food Safety Authority,
2009). This organoarsenical is considered non-toxic, because it is rapidly
excreted without undergoing any change (European Food Safety Au-
thority, 2009). Additionally, we observed that fish consumption during
pregnancy was positively associated with urinary DMA levels. The
explanation for this finding could be related to some more complex
forms of As, such as arsenosugars and arsenolipids, detected in fish,
marine algae and filter feeders (European Food Safety Authority, 2009;
Taylor et al.,, 2017b). It has been suggested that these As forms are
biotransformed in the human body into species like DMA (Molin et al.,
2012). In relation to the inorganic forms, iAs levels in fish and shellfish
are thought to be low (European Food Safety Authority, 2014). Never-
theless, Spain has recently been reported as one of the European coun-
tries with the highest iAs intake through fish and seafood, especially
among Mediterranean high consumers of molluscs (Ferrante et al.,
2019). Indeed, in our population, the consumption of 100 g of shellfish
and molluscs was associated with an increase of 146% in urinary iAs
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concentrations (CI95%: 38,341%). This increase was stronger than the
association with rice consumption (26%, CI95%: 4,52%).

Other food groups associated with the As species concentrations in
our study were meat, legumes and vegetables. We observed that the
daily intake of 100 g of meat was associated with a 16% reduction in
MMA, and when the different categories of meat were studied, only red
meat remained statistically significant. This finding seems to be in
agreement with the Strong Heart Family Study, where the authors
observed a negative relationship between red meat consumption and
YAs (Nigra et al., 2019). These associations may reflect nutrients found
in red meat that have been associated with As metabolism, such as Zn
and Fe, and certain OCM nutrients, such as vitamin By, choline and
methionine (Kurzius-Spencer et al., 2017).

The consumption of legumes was also negatively associated with TAs
and AB concentrations, but positively related to iAs concentrations, with
an effect size similar to that of rice consumption (an increase of 30% in
the iAs levels per daily intake of 100 g of any of these foods). Overall,
legumes showed low levels of TAs (European Food Safety Authority,
2009), but the content of iAs was relatively high (66% of the TAs was
iAs) (Agencia Catalana de Seguretat Alimentaria, 2017). In addition,
Spain is the third highest consumer of legumes in the European Union
(Food and Agriculture Organization of the United Nations, 2017). In our
population, vegetable consumption was directly associated with XAs,
DMA and MMA levels, each metabolite increasing by 5% per 100 g of
vegetable intake. The iAs concentrations seem to vary with the type of
vegetable. For example, the iAs levels measured in vegetables marketed
in Valencia ranged between 0.0001 mg/kg of fresh mass in tomatoes to
0.02 mg/kg in aubergines, courgette and cucumber (Marin et al., 2018).
In addition, the relatively high frequency of consumption of this type of
food in our population (around 200 g per day) could explain the positive
relationship with some As species.

4.3. Factors associated with As exposure: other factors

In our study, we have found differences in all As species concentra-
tions, except for As, according to the study area. In Valencia, urinary
MMA and iAs concentrations were higher than in Gipuzkoa. The dietary
pattern in each area seems to be different. For example, women from
Valencia consumed more rice (mean [SD] = 61 [32] grams per day) than
those from Gipuzkoa (mean [SD] = 33[20] grams per day) (Table S4).
Women from Valencia also consumed more shellfish and molluscs than
women from Gipuzkoa. Ferrante (2019) reported that molluscs sampled
on the Mediterranean coasts presented higher iAs concentrations (0.50
mg/kg wet weight, w.w.) than those sampled on the Atlantic coast (0.01
mg/kg w.w). These differences in the dietary habits could explain the
geographical variability in iAs exposure observed in this study.

In our study, women born in Latin America presented lower con-
centrations of AB. This observation could be related to their lower
consumption of fish in comparison to Spanish women (mean [SD] = 384
[210] grams per week vs. 570 [251] grams per week]). In fact, when the
model was adjusted for the total fish intake, the coefficients for the
women’s place of origin were attenuated. Similarly, results from the US
National Health and Nutrition Examination Survey showed slightly
lower levels of urinary AB in a Mexican American population, compared
to the Non-Hispanic white and the black population (Caldwell et al.,
2009).

4.4. Evaluation of As methylation

The process underlying iAs metabolism is still not fully understood.
Nowadays, the proposed iAs metabolism pathways include an enzymatic
reduction (from pentavalent to trivalent forms) and a methylation pro-
cess, giving rise to MMA and DMA forms, in a first and second step,
respectively (Cullen, 2014). The MMA form is considered more toxic
than DMA and so this methylation process is thought to be a detoxifi-
cation mechanism, although it has been shown that intermediate
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compounds can be highly toxic (Vahter, 2002). The relative proportion
of each urinary metabolite (iAs, MMA and DMA) over the sum of those
species has been used to reflect the individual iAs methylation efficiency
(Agency for Toxic Substances and Disease Registry, 2007). However,
this method seems to be inappropriate for populations with low expo-
sure to iAs through water and with high fish and seafood consumption,
such as Spain (Navas-Acien et al., 2011), because, as a metabolite from
the As species of fish, DMA could be overestimating the iAs exposure. In
order to solve this problem, some strategies have been proposed, such as
the residual-based method developed by Jones et al. (2016). In the
present study, we have applied this approach to obtain a more accurate
assessment of iAs metabolism. In fact, we have observed differences
between the calibrated and non-calibrated percentages.

Several studies have used the percentages method to assess the iAs
metabolism efficiency. However, a limitation of this approach is that the
three percentages are highly correlated with each other, which hinders
the interpretation of the results. In order to minimize this problem, some
authors have proposed the use of a principal component analysis by
transforming the three interrelated variables into two independent
measures of As metabolism phenotypes (Balakrishnan et al., 2016;
Gribble et al., 2015; Jansen et al., 2016; Spratlen et al., 2017). The first
component, PC1, has been suggested to show the capacity of producing
DMA (higher methylation efficiency) and explains the highest percent-
age of the original variance. That is, PC1 seems to represent the second
step of metabolism, or the overall metabolism efficiency. In our study,
PC1 agreed with these previous studies, indicating an inverse relation
between %iAs and %DMA. Regarding the pattern for PC2, it has been
interpreted as the first step of metabolism, or the capacity to transform
iAs into MMA. In our results, PC2 showed a negative correlation be-
tween the %MMA and %iAs, regardless of %DMA. Until now, there has
been no consensus on which is the most accurate approach to evaluate
the efficiency of As methylation, bearing in mind that As metabolism is
still under study and that the metabolites could also reflect dietary
sources.

For this reason, interpretation of the results is complex and they
should be taken with caution.

4.5. Factors associated with iAs methylation efficiency

One factor related to As methylation efficiency is the women’s place
of origin. Latin-American women presented higher methylation of iAs,
represented by a higher %DMA and lower %MMA. This association
remained even after adjusting for diet and other variables that can affect
As exposure. This result is consistent with those of other studies, which
have shown differences in metabolism depending on the ethnicity of the
participants. A study carried out in USA showed a slightly higher
methylation efficiency among Hispanic people than non-Hispanic white,
African American and Chinese American people (Balakrishnan et al.,
2018). In the same way, a recent study has reported a more efficient
methylation pattern (denoted by higher %DMA and lower %iAs) in
US-born and foreign-born pregnant Hispanic women, compared with
their non-Hispanic counterparts (Farzan et al., 2020). Other studies
found that ethnicity was the strongest factor associated with As meta-
bolism, even if the models were adjusted for water exposure (De Loma
et al., 2019; Hopenhayn-Rich et al., 1996). It has been observed that
some South American populations exposed to high levels of iAs for
generations have a higher iAs methylation efficiency (higher DMA
excretion) that has been acquired by a higher presence of the protective
genetic variants in the Arsenic [+3 oxidation state] methyltransferase
(AS3MT) gene, considered to be the major contributor to As methylation
efficiency (Schlebusch et al., 2015; Vahter et al., 1995).

Our results indicated a positive relationship between the women’s
BMI and methylation efficiency, i.e. women with higher BMI present a
decrease in %iAs and %MMA and an increase in %DMA. This pattern has
also been observed in previous studies (Bommarito et al., 2019; Shen
et al., 2016). The mechanism underlying the relationship between As
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methylation and BMI is still unclear; however, some studies postulate
that worse kidney function or the intake of certain proteins, both asso-
ciated with an increasing BMI, could be associated with an increased
DMA excretion (Duan et al., 2019; Peters et al., 2015; Vahter, 2007).

The gestational age at sampling was inversely related to the %MMA.
This result is consistent with the findings of previous studies, which
show an increase in methylation efficiency throughout pregnancy,
denoted by higher %DMA and lower %MMA and iAs (Gardner et al.,
2011; Hopenhayn et al., 2003). It has been suggested that As metabolism
is elevated during the course of pregnancy due to a more efficient
maternal one-carbon metabolism that increases the endogenous syn-
thesis of the methyl-donor choline so as to be able to supply the high
fetal demand for correct development (Vahter, 2009). Nevertheless, in
our study, gestational age was only related to %MMA, but it was not
associated with an increase in %DMA. Unfortunately, in our study we
measured As metabolite concentrations in one-spot urine samples dur-
ing pregnancy, which prevents us from evaluating whether this
decreasing trend in %MMA is due to an improvement in As methylation
or a change in the maternal diet.

In our study, smoker women presented a lower iAs methylation ef-
ficiency by showing a decrease in PCl (understood as the overall
metabolism efficiency). This result is in agreement with previous studies
(Shen et al., 2016; Tseng, 2008). Tobacco consumption has been
observed to decrease concentrations of one-carbon nutrients, such as
vitamin By and folate, which could be affecting the As methylation
efficiency (Mouhamed et al., 2011). Another possible explanation could
be related to the presence of other metals in the tobacco, such as Cd,
which could modify As metabolism. This metal seems to bind to reduced
glutathione (GSH) (Zalups and Ahmad, 2003), which is an antioxidant
involved in the reduction from trivalent to pentavalent As species. In
fact, in our population, urinary Cd concentrations were directly associ-
ated with an increase in %MMA.

We also observed an association between the estimation of Fe intake
and the As metabolism efficiency, specifically with decreasing PC1. In
experimental studies, this element seems to diminish the bioaccessibility
of As in the gut (Yu et al, 2016). Nevertheless, in a randomized
controlled trial study conducted with Mexican children, supplementa-
tion with Fe had no impact on the As metabolism (Kordas et al., 2017).
In this same study, Zn supplementation was not related to better As
metabolism. These results seem to be in disagreement with those found
in our study, where estimated Zn consumption was positively associated
with the %DMA, although the coefficients did not reach statistical sig-
nificance. Similarly to our findings, in an observational study conducted
on Mexican women, the estimated Zn intake was related to a decrease in
%MMA and %iAs, and an increase in %DMA (Lopez-Carrillo et al.,
2016). Zn is a necessary cofactor of betaine homocysteine methyl-
transferase (BHMT; EC 2.1.1.5). This enzyme uses betaine as a methyl
donor and Zn as a cofactor for the remethylation of homocysteine to
methionine (Millian and Garrow, 1998).

Finally, we did not observe any statistically significant association
between As methylation efficiency and the estimated intake of OCM
nutrients. Previous studies have observed an influence of some of these
nutrients on iAs methylation, such as folate and vitamins B¢ and B,
which are involved in the synthesis of S-adenosylmethionine (SAM), the
main donor of the methyl group in iAs methylation (Bozack et al., 2019;
Gamble et al., 2005; Howe et al., 2017b; Kurzius-Spencer et al., 2017).
However, the results from studies conducted on populations of pregnant
women have been heterogeneous; thus, in a Mexican cohort, no asso-
ciation was observed between levels of vitamin By in serum and the
percentages of the urinary arsenic metabolites (Laine et al., 2018). A
study of pregnant women in Bangladesh showed a marginal negative
association with plasma folate and %iAs, but no association with
vitamin By, was found (Li et al., 2008). Additionally, plasma folate was
inversely associated with the urinary percentage of As™> before delivery
(Hall et al., 2007). However, in that same cohort, an increase in
methylation efficiency throughout the pregnancy was observed
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regardless of the women’s folate and vitamin Bj5 status (Gardner et al.,
2011). It has been suggested that As metabolism is more efficient during
pregnancy due to an increase in the endogenous synthesis of the
methyl-donor choline, in order to meet the high fetal demand (Vahter,
2009). This specific process during pregnancy may lead to certain co-
factors or methyl-donors, such as folate, having a marginal influence on
As metabolism (Gardner et al., 2011). Moreover, it is possible that in
well-nourished populations it is more difficult to observe the influence
of the one-carbon nutrients than in populations with nutritional de-
ficiencies. In fact, Howe (2014) revealed a positive association between
blood SAM and %MMA in folate and cobalamin-deficient participants,
but this association was not found in the micronutrient-sufficient group.
In our populations, only 22%, 2% and 16% of women had estimated
levels of vitamins Bg, Biz and folate intake, respectively, below the
recommendations (European Food Safety Authority, 2019), and only 4%
of the participants did not take folic acid supplements at the first
trimester of pregnancy.

This study has several limitations: 1) around 30% of the recruited
participants were not included in this study, and participants could have
a more privileged socioeconomic profile than non-participants. This fact
could be related to dietary habits that can lead to differences in exposure
to different forms of As; 2) another limitation in our study could be
related to the assessment of As exposure at only one time point during
pregnancy. This could reflect only recent As exposure and it might not be
representative of the period of pregnancy as a whole; 3) the present
study lacks information on some important nutrients involved in OCM
and related to As metabolism, such as choline and betaine, and thus the
influence of these variables could not be tested; 4) finally, we used
creatinine concentrations to control for urinary dilution. Creatinine
concentrations seem to be associated with As metabolism. To control for
this effect, we used the approach proposed by Barr et al. (2005), which
involves including the creatinine concentrations in the multivariate
models as a separate independent variable. Nevertheless, due to the
complexity of the interrelations between As metabolism, micronutrients
and creatinine, the interpretation of the factors associated with As
metabolism should be taken with caution.

The major strength of the present study is the analysis of As specia-
tion in a considerably large sample size. In fact, as far as we know, this is
the largest European study describing As species concentrations and
methylation efficiency in pregnant women. Another advantage is the
analysis of As methylation efficiency through two approaches: using the
relative percentages of each As metabolite and, in order to minimize the
high correlation between the three percentages, using a principal
component analysis. This allows comparability with previous studies
that have used either of these two methods to evaluate the efficiency of
arsenic metabolism.

5. Conclusions

The concentrations of the urinary As species in our study were
slightly higher compared to other populations with low environmental
exposure to As through water intake. Rice and seafood consumption,
especially shellfish and molluscs, were the major contributors to the
urinary concentrations of As species during pregnancy. Vegetables, le-
gumes, eggs and other cereals contributed to the concentrations of
different species of As during pregnancy. In the present study, the intake
of nutrients and vitamins seemed to be weakly related to methylation
efficiency. The consumption of tobacco in pregnancy, the women’s place
of origin and their body mass index were also associated with the
methylation efficiency. Further birth cohort studies in low exposure
areas are necessary to improve knowledge about prenatal arsenic
exposure, especially of its inorganic forms, and its potential health
impact during childhood. This information could be used to propose new
strategies in public health.
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5.3 ARTICULO Il

Soler-Blasco, R., Murcia, M., Lozano, M., Sarzo, B., Esplugues, A., Riutort-mayol, G., Vioque, J.,
Lertxundi, N., Santa, L., Lertxundi, A,, Irizar, A., Braeuer, S., Ballester, F., & Llop, S. (2022). Prenatal
arsenic exposure, arsenic methylation efficiency, and neuropsychological development among
preschool children in a Spanish birth cohort. Environmental Research, 207, 112208.

Disponible en: https://doi.org/10.1016/j.envres.2021.112208

Resumen

Introduccién: La exposicion prenatal a arsénico (As) podria afectar negativamente el desarrollo
neuropsicolégico en la infancia, pero la evidencia actual es no concluyente. Objetivos: Explorar la
relacion entre las concentraciones urinarias prenatales de As total (TAs), las especies As vy la
eficiencia de metilacion, y el desarrollo neuropsicolégico infantil en una cohorte de nacimiento
espafiola. También se estudié la modificacion de efecto producida por sexo del nifio, asi como
varios nutrientes y elementos. Materiales y Métodos: Los sujetos de estudio fueron 807 parejas
madre-hijo participantes del Proyecto INMA (Infancia y Medio Ambiente). Las concentraciones
urinarias de TAs y sus metabolitos dcido monometilarsdénico (MMA), dcido dimetilarsinico (DMA),
As inorganicos (iAs) y arsenobetaina se midieron en el primer trimestre del embarazo. La
eficiencia de metilacion se determind a través de los porcentajes de los metabolitos y utilizando
el andlisis de componentes principales. El desarrollo neuropsicolégico de los nifios y nifias se
evalud alos 4-5 afios de edad utilizando las Escalas de Habilidades Infantiles de McCarthy (MSCA).
Se construyeron modelos de regresion lineal multivariable para evaluar la asociacion entre TAs,
las especies As y la eficiencia de metilacion materna, y las puntuaciones neuropsicolégicas.
Exploramos la modificacion del efecto por sexo, niveles de ferritina, niveles de nutrientes
maternos (manganeso y selenio séricos y zinc urinario) y la ingesta de vitaminas de la madre
(folato y vitaminas B1, y Bs). Resultados: La media geométrica e intervalo de confianza al 95% (IC
del 95%) de SAs (suma de DMA, MMA e iAs) fue de 7,78 (7,41-8,17) ug/g de creatinina. Las
concentraciones de MMA se asociaron inversamente con las puntuaciones de las escalas general,
verbal, cuantitativa, de memoria, de funcién ejecutivay de memoria de trabajo (B [IC95%] = -1,37
[-2,33 a -0,41] para la escala general). Se encontré una asociacién inversa entre %MMA vy las
puntuaciones en la escala de memoria. Los nifios y nifias cuyas madres tenian concentraciones
mas bajas de manganeso, zinc y ferritina obtuvieron puntuaciones mas bajas en varias escalas de
MSCA con una eficiencia de metilacién decreciente. Conclusién: Se observé una asociacion
inversa entre las concentraciones de MMA vy el desarrollo neuropsicolégico a los 4-5 afios de
edad. Los niveles maternos de manganeso, zinc y ferritina afectaron la asociacion entre la
eficiencia de metilacién del As y las puntuaciones de MSCA.
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ARTICLE INFO ABSTRACT

Keywords: Background: Prenatal arsenic (As) exposure could negatively affect child neuropsychological development, but
Arsenic the current evidence is inconclusive.

Methylation

Objectives: To explore the relationship between prenatal urinary total As (TAs) concentrations, the As species and

Prenatal exposure the methylation efficiency, and child neuropsychological development in a Spanish birth cohort. We also studied
Neurodevelopment e L. .
Spain the effect modification produced by sex and several nutrients and elements.

Materials and methods: Study subjects were 807 mother—child pairs participating in the INMA (Childhood and
Environment) Project. Urinary TAs and its metabolites, monomethylarsonic acid (MMA), dimethylarsinic acid
(DMA), inorganic As (iAs) and arsenobetaine were measured in the first trimester of pregnancy. Methylation
efficiency was determined through the percentages of the metabolites and using principal component analysis.
Children’s neuropsychological development was assessed at the age of 4-5 years using the McCarthy Scales of
Children’s Abilities (MSCA). Multivariable linear regression models were built to assess the association between
TAs, the As species and the maternal methylation efficiency, and the neuropsychological scores. We explored
effect modification by sex, iron status, maternal nutrients status (serum manganese and selenium, and urinary
zinc), and maternal vitamins intake (folate, and vitamins By and Bg).

Results: The geometric mean (95%CI) of >_As (sum of DMA, MMA and iAs) was 7.78 (7.41, 8.17) pg/g creatinine.
MMA concentrations were inversely associated with the scores for the general, verbal, quantitative, memory,
executive function and working memory scales (i.e. § [CI95%] = —1.37 [-2.33, —0.41] for the general scale). An
inverse association between %MMA and the memory scores was found. Children whose mothers had lower
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manganese, zinc and ferritin concentrations obtained lower scores on several MSCA scales with decreasing As

methylation efficiency.

Discussion: An inverse association was observed between MMA concentrations and children’s neuropsychological
development. Maternal levels of manganese, zinc and ferritin affected the association between As methylation
efficiency and MSCA scores.

Abbreviations

AB arsenobetaine

AIC Akaike information criteria
As arsenic

BBB blood brain-barrier

BMI body Mass Index

Cd cadmium

CNS central nervous system
DMA dimethylarsinic acid

Fe iron

FFQ food frequency questionnaire
GAM generalized additive models
GSH glutathione

iAs inorganic arsenic

ICPMS/MS inductively coupled plasma tandem mass spectrometer
ID iron deficiency
INMA INfancia y Medio Ambiente (Childhood and Environment)

1Q intelligence quotient

LCPUFA long-chain polyunsaturated fatty acids
LOD limit of detection

LRT Likelihood Ratio test

MMA monomethylarsonic acid

Mn manganese

MSCA  McCarthy Scales of Children’s abilities
NO2 Nitrogen Dioxide

0As organic arsenic

Pb lead

PCA principal component analysis

ROS reactive oxygen species

SD standard deviation

Se selenium

TAs total Arsenic

Zn zinc

S As sum of DMA, MMA and iAs

1. Introduction

Arsenic (As) is a metalloid ubiquitously present in the environment.
The inorganic form of this compound (iAs) is mainly found in soil and
water. In regions with elevated iAs concentrations in soil and ground-
water (i.e. some areas of Bangladesh, India, Mexico, Chile or USA), the
main route of exposure to this element is through drinking water.
However, the consumption of certain foods, especially rice but also other
products such as molluscs or legumes, is the main route of exposure to
this element in areas with low levels of As in water, as is the case in Spain
(European Food Safety Authority, 2014; Soler-Blasco et al., 2021). The
route of exposure to the organic forms (0As), arsenobetaine (AB) and
other complex forms of As, such as arsenolipids and arsenosugars, is
mainly through seafood and fish consumption (Agence nationale de
sécurité sanitaire de 1’alimentation de 1’environnement et du travail,
2011; Agencia Catalana de Seguretat Alimentaria, 2020).

After ingestion, iAs is biotransformed through reduction and
methylation processes, producing reduced (As" to As™) and methylated
(monomethylarsonic acid [MMA] and dimethylarsinic acid [DMA])
forms (Challenger, 1945; Hayakawa et al., 2005). The relative concen-
trations of each metabolite excreted through the urinary system have
been used as an estimation of individual methylation capacity, indicated
by higher %DMA and lower %MMA and %iAs, especially in populations
exposed to high levels of iAs through drinking water (Vahter, 1999).
Several factors seem to affect methylation efficiency, such as the intake
of some nutrients and elements. Particularly, evidence has also been
found of the influence of nutrients that participate in one-carbon
metabolism (OCM), such as vitamins Bg and By, and folate, which are
involved in the synthesis of S-adenosylmethionine (SAM), the main
donor of the methyl group in iAs methylation (Kurzius-Spencer et al.,
2017; Laine et al., 2018). Moreover, other essential elements appear to
have an influence on As metabolism, such as manganese (Mn), selenium
(Se) or zinc (Zn) (Lopez-Carrillo et al., 2016; Rahman et al., 2019;
Trasande et al., 2014; Valeri et al., 2016). Toxic elements, such as
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cadmium (Cd), also seem to be related to the efficiency of As meta-
bolism, by binding to reduced glutathione, an antioxidant involved in
the reduction process (Nordberg et al., 2005). Another factor that could
affect the As metabolism is the pregnancy status. An increase in As
methylation has been observed during pregnancy, denoted by a higher
%DMA and lower %MMA (Gardner et al., 2011; Hopenhayn et al.,
2003). This increase in As methylation efficiency appears more rapidly
during the first trimester of pregnancy (Gardner et al., 2011). Regarding
the most complex forms of As, AB is excreted without changes through
the urine, but arsenosugars and arsenolipids seem to be metabolised,
producing DMA (Molin et al., 2012; Taylor et al., 2017).

Inorganic As and its species are able to cross the placental barrier and
be transferred from the mother to the fetus (Hall et al., 2007; Punshon
et al., 2015). Exposure to this compound during prenatal development
has been related to a decrease in birth size, an increase in respiratory
symptoms and infections during childhood and an increase in the risk of
neonatal mortality, particularly in areas where water is contaminated by
arsenic (Sanchez et al., 2016; Zhong et al., 2019). Moreover, the
developing brain seems to be vulnerable to this toxicant (Grandjean and
Landrigan, 2006). The development of the central nervous system (CNS)
is a process that begins very early in embryogenesis and continues until
adolescence (Stiles and Jernigan, 2010). As and its compounds, which
are able to cross the blood brain barrier, could produce neurotransmitter
impairment, brain cell death and degeneration of CNS, among other
toxic effects (Piao et al., 2015; Tolins et al., 2014). These prenatal
changes seem to increase the susceptibility to develop negative effects in
the neuropsychological development throughout childhood (Grandjean
and Landrigan, 2006; Piao et al., 2015).

Some epidemiological studies have evaluated the relationship be-
tween prenatal exposure to As and neuropsychological development
assessed during childhood, but the results are heterogeneous. A study
carried out in Bangladesh found an inverse association between
maternal urinary total As at 8 and 30 weeks of gestation (median = 81
pg/L and 84 pg/L, respectively) and the verbal and total scales of the
Wechsler Preschool and Primary Scale of Intelligence at 5 years of age.
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Nevertheless, this relation was found only in girls (Hamadani et al.,
2011). A Spanish study observed an inverse association between
placental total As levels (median= <0.23 ng/g) and the scores for the
global executive and verbal scales of the McCarthy Scales of Children’s
abilities (MSCA) at 4 years of age (Freire et al., 2018). Conversely,
another Spanish study did not observe any significant association be-
tween maternal total As, measured in urine in the first and third tri-
mesters of pregnancy (median = 27.10 and 29.80 pg/L, respectively),
and the MSCA at 4 years of age (Forns et al., 2014). Similarly, a Nepalese
cohort study found no evidence of association between cord blood total
As (median = 1.46 pg/L) and child neurodevelopment at 6, 24 and 36
months of age (Parajuli et al., 2014, 2015a, 2015b). This heterogeneity
in the results of the association between prenatal As and neuro-
development could be related to the biomarker used in most of the
studies, total As (sum of organic and inorganic forms) or Y As (sum of
DMA, MMA and iAs). Nonetheless, there is evidence that the interme-
diate As compounds could have higher reactivity and toxicity (Mass
et al., 2001; Styblo et al., 2000). Therefore, more longitudinal birth
cohorts are needed in order to assess the relationship between the
different As species and children’s neuropsychological development.
The aim of this study is to explore the relationship between prenatal
concentrations of total As (TAs) as well as the different urinary As spe-
cies (arsenobetaine [AB], DMA, MMA and iAs) and the methylation ef-
ficiency in the first trimester of pregnancy and children’s
neuropsychological development assessed at 4-5 years of age in a
Spanish birth cohort. We also studied the effect modification produced
by sex, the maternal levels of certain nutrients and elements (serum Mn,
Se and ferritin, and urinary Zn), as well as the intake of vitamins (folate

/ Inclusion criteria \

* Atleast 16 years of age.

* 10-13 weeks of gestation.

* Singleton pregnancy.

* Follow-up and delivery in the
corresponding centre of
reference.

* No impediment for

\commumcat\om
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and vitamins Bg and B;3) during pregnancy.
2. Material and methods
2.1. Study population

The participants in the study were mother—child pairs from the INMA
(Childhood and Environment) Project, a multicentre birth cohort study
that aims to investigate the effect of environmental exposures and diet
during pregnancy and childhood on fetal and child development in
different geographical areas of Spain (http://www.proyectoinma.org).
Subjects were participants in the Gipuzkoa (northeast of Spain) and
Valencia (east of Spain) areas. The study protocol has been reported
elsewhere (Guxens et al., 2012). Briefly, 1493 pregnant women were
recruited during their first antenatal visit (2003-2008, Gipuzkoa: 638,
Valencia: 855). Fig. 1 shows the process of selecting the participants in
the present study. The final study population was made up of 807
mother—child pairs in whom urinary arsenic species concentrations in
the first trimester of pregnancy and neuropsychological assessment at
age 4-5 years were both available.

The study protocol was approved by the Ethics Committee of the
University Hospital La Fe, the Ethics Committee of the Public Health
Research Centre of Valencia (Valencia) and the Ethics Committee of
Donostia Hospital (Gipuzkoa). Informed consent regarding the prenatal
period was signed by the mother and in each phase of the postnatal
period further consent was signed by one of the parents or a legal
representative.

Enrolled pregnant women

1493

(638 Gipuzkoa + 855 Valencia)

Newborns followed up at birth

94 women not following the study
(5 lost to follow up, 40 withdrawals
44 miscarriages and 5 fetal deaths)

1399

312 mother-child pairs not
following the study
(6 child deaths, 231 withdraws, 71
lost follow up, 4 other causes)

Mother-child pairs followed up
at 4-5 years of age

1087

Mother-child pairs with available urinary As
species concentrations at 1% trimester and
neurodevelopmental assessment at 4-5 years
of age

807

Fig. 1. Flow chart describing the process of selecting participants in the INMA Project (Valencia and Gipuzkoa, Spain, 2003-2008) to be included in the pre-

sent analysis.
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2.2. Study variables and sources of information

2.2.1. Exposure variable: urinary arsenic speciation analysis

Concentrations of TAs and its metabolites were determined in spot
urine samples collected in the first trimester of pregnancy (mean
[standard deviation, SD] = 13.1 [1.5] weeks of gestation). Urine sam-
ples were kept frozen at —80 °C until their analysis. The TAs concen-
trations were determined with an inductively coupled plasma tandem
mass spectrometer (ICPMS/MS, 8800, Agilent Technologies, Wald-
bronn, Germany). For the speciation analysis, high performance liquid
chromatography (1200, Agilent Technologies) coupled to ICPMS/MS
(8800, Agilent Technologies) was employed. More details about the
laboratory technique have been described in Soler-Blasco et al. (2021)
and in Appendix S1 (A.1.1 Description of urinary arsenic speciation
analysis). Limits of detection (LOD) of AB, DMA, MMA and iAs were
0.02, 0.03, 0.03 and 0.03 pg/L, respectively. Where samples were below
LOD, % LOD was assigned for the statistical analysis (2.6% of samples for
MMA levels and 2.2% of samples for iAs levels).

2.2.2. Outcome variable: neuropsychological assessment

Neuropsychological development of the children was assessed at
around 5 years of age (mean [SD] = 5.2 [0.7]) using the McCarthy Scales
of Children’s Abilities (MSCA) adapted to the Spanish population
(McCarthy, 2009). The original MSCA contains eighteen subtests
grouped into a general scale and five global sub-area scales. The verbal
scale refers to cognitive tasks related to the processing of verbal infor-
mation; the quantitative scale assesses numerical abilities; the
perceptive-performance scale refers to cognitive tasks related to
perceptual information processing, including manual performance; the
memory scale considers short-term retention of information (verbal,
visual or numerical); and the motor scale refers to fine (e.g. drawing)
and gross (e.g. balance or accuracy) abilities. The sum of the first three
scales provides the general cognitive scale. In addition, some items were
used to construct a new summary measure to assess those cognitive tasks
associated with executive function. The new sub-areas of MSCA used in
this study were gross motor and fine motor skills, executive function and
working memory (Julvez et al., 2011). Higher scores on the general scale
and sub-scales indicate better cognitive development.

Testing was conducted in the research centres of each area of study
by six psychologists using a strict protocol to avoid inter-observer
variability. This protocol included inter-observer training and sets of
quality control (inter-observer reliability-tests). The inter-observer
variability assessed by Pearson correlations was lower than 5%. The
raw scores were standardized for the child’s age at test administration
and for psychologist. In order to homogenize scales, standardized re-
siduals were then typified by having a mean of 100 and a standard de-
viation of 15 points.

2.2.3. Covariates and potential confounders

The women filled in two questionnaires during their pregnancy, in
the first and the third trimesters of gestation (mean [SD] = 13.1 [1.5]
and 32.4 [2.1] weeks of gestation, respectively). Sociodemographic,
environmental and lifestyle information was collected through ques-
tionnaires filled in during pregnancy and later at 12-14 months of age
and at 4-5 years. More information about the covariates used in this
study can be found in Supplemental material Appendix S1 (A.1.2
Description of covariables and potential confounders). Information on
the child’s sex and gestational age at birth was obtained from clinical
records.

Dietary intake was assessed in the first trimester of pregnancy using a
validated semi-quantitative food frequency questionnaire (FFQ) (Vioque
etal., 2013). We calculated the consumption expressed in grams per day
for those foods previously related to the As species in our population
(Soler-Blasco et al., 2021) such as rice, other cereals, meat, seafood and
shellfish, vegetables and legumes. Energy-adjusted intakes were
computed using the residual method (Willet, 2013). Additionally,
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dietary folate and vitamins By, and B¢ intakes were also estimated using
the food composition tables of the US Department of Agriculture (U.S.
Department of Agriculture: Agricultural Research Service USDA, 2007)
and with Spanish sources (Palma et al., 2008). The intake of supple-
ments was added to the calculation of total daily nutrient intake (Vioque
et al., 2013).

Serum manganese (Mn) and selenium (Se), urinary cadmium (Cd)
and zinc (Zn), and plasma ferritin concentrations were determined from
the first trimester of pregnancy. More information about the method-
ology has been reported in detail elsewhere (Arija et al., 2019; Lozano
et al., 2020; Soler-Blasco et al., 2020). Creatinine concentrations were
measured in the same urine samples in the first trimester of pregnancy
by the DRI® Creatinine-Detected® Test using AV680 from Beckman
Coulter.

Nitrogen dioxide (NOj) concentrations in the first trimester of
pregnancy were measured to estimate personal exposure to traffic-
related air pollution. Ambient concentrations were measured through
passive samplers (Radiello, Fundazione Salvatore Maugeri, Padua, Italy)
distributed according to geographic criteria. The samplers remained
exposed throughout various 7-day sampling periods. More information
about the methodology can be found in Iniguez et al., 2009.

2.3. Statistical analysis

We calculated the geometric mean (GM) and 95% confidence in-
tervals (95%CI) of the urinary creatinine adjusted (pg/g creatinine) TAs,
AB, DMA, MMA, iAs and > _As concentrations (as the sum of iAs, DMA
and MMA). GM and 95%CI of the measured TAs and ) _s were calculated
according to sociodemographic, environmental and dietary character-
istics of the study population. Descriptive analyses of the rest of the As
species according to the characteristics of the study population can be
seen in Soler-Blasco et al. (2021). For further analysis, we applied the
logz and probit-transform functions on values of the urinary As species
concentrations and the percentage of the individual metabolites,
respectively, in order to correct their skewed distribution.

High consumption of seafood can lead to an inappropriate estimation
of iAs exposure through the sum of the As species (DMA + MMA + iAs),
because the organic arsenic (0As) from seafood contributes to DMA
levels and TAs (Navas-Acien et al., 2011). To minimize this, we obtained
new calibrated iAs, MMA and DMA concentration variables using the
mathematical method proposed by Jones et al. (2016). More informa-
tion about this method can be found in Soler-Blasco et al. (2021) and in
Supplemental material Appendix S1 (A.1.3 Description of the arsenic
species calibration methodology).

Arsenic methylation efficiency was determined through two ap-
proaches. The first consists in calculating the percentage of the indi-
vidual calibrated iAs, MMA and DMA over the sum of those species
(>"As). The second involves a principal component analysis (PCA) of the
three calibrated, untransformed and un-rotated percentages corrected
for maternal creatinine. The PCA was performed to avoid the high cor-
relation between the percentages of the three metabolites. The results
obtained through the PCA were two principal components (PC1 and
PC2) that explain 100% of the original variance. Therefore, these two PC
were used as As methylation phenotypes.

In order to assess the relation between prenatal exposure to the
different As species, including the maternal methylation capacity, and
the neuropsychological test scores, multivariable linear regression
models for each of the ten scales were built separately with the following
procedure. In the first step, (I) core models were built for each scale with
parental and child sociodemographic variables associated with a p-value
<0.2 in the bivariate analysis. Following a backward elimination pro-
cedure, all the covariates associated with each neuropsychological test
scale at a p-value level <0.1 in the likelihood ratio test were retained in
the model. The area of study (Valencia or Gipuzkoa) and maternal uri-
nary creatinine concentrations were included in all core models
regardless of their statistical significance. In the second step (II), each As
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variable (uncalibrated, unadjusted for urinary creatinine and log2
transformed TAs, > As, AB, DMA, MMA and iAs concentrations, cali-
brated and probit-transformed DMA, MMA and iAs percentages, and
PC1 and PC2) were included one by one in these models as exposure
variables. Additional potential confounders were also included if they
changed the effect of each exposure variable in a significant way
compared to the same potential confounder, but randomized (that is, the
same variable randomly reordered to simulate independence from each
exposure variable and the response variable), with a 5% significance
level (Lee, 2014). We tested all the covariates associated with the
different As species as possible confounders in a previous study (Sol-
er-Blasco et al., 2021).

Effect modification analysis was performed by creating an interac-
tion term between the exposure variable and the potential modifier:
child’s sex, maternal nutrients categorized by the median: Mn (<and
>1.44 pg/L), Se (<and >79.8 pg/L) and Zn (<and >363.7 pg/L), intake
of vitamins Bg (<and >2.3 mg/day) and B3 (<and >9.4 mg/day),
ferritin (categorized as iron deficiency [ID] as < and >15 pg/L), and
intake of folate (categorized by the intake recommendation during
pregnancy, < and >600 pg/day]. The models with and without an
interaction term were compared with the Likelihood Ratio test (LRT)
and the effect modification was considered statistically significant if the
p-value <0.05.

Finally, Generalized Additive Models (GAM) were fitted to evaluate
non-linear patterns on the association between As species and scores on
the MSCA sub-scales. Natural cubic splines with one or two internal
knots were compared through Akaike Information Criteria (AIC). The
non-linear model and the linear model, both with the lowest AIC, were
then compared by graphical examination and the LRT.

Several sensitivity analyses were performed to evaluate the robust-
ness of the multivariable models by eliminating certain population
subgroups from the sample data set: preterm birth (<week 37 of
gestation, n = 31), low birth weight (<2500 g, n = 39), or those in whom
the neuropsychological test quality was uncertain, namely tests on
children who presented special conditions while completing them (e.g.
behavioural problems, sleepiness or being feverish) (n = 27). Further-
more, the multivariable models were built using the non-calibrated As
metabolite percentages as exposure variables instead of the calibrated
ones, and also including the maternal fish consumption variable in the
models. Finally, two additional analyses were performed in order to
evaluate the possible confounding effect of maternal smoking habit: 1)
multivariate models were adjusted for maternal tobacco consumption
during the first trimester of pregnancy, and 2) the maternal smoking
habit was evaluated as a potential modifier by interaction terms.

Validation of the linear regression models was addressed by ana-
lysing the residuals: we visually inspected model residuals for normality
and homoscedasticity. No influential data was identified by Cook’s
distance. Variance inflation factors (VIFs) were used as a check for
collinearity among variables in the final models, all VIFs being <2.5.

Statistical analyses were conducted using the R statistical package
version 4.0.3 (R Core Team, 2020).

3. Results

3.1. Description of TAs and its metabolite concentrations and as
methylation efficiency

Differences between included and excluded subjects are shown in
Table S1. The participating mothers were slightly older and had a higher
level of education and social class than the non-participants. The GM
(95%CI) of maternal urinary TAs, AB and ) As were 35.75 (33.01,
38.73), 20.72 (18.66, 23.01) and 7.78 (7.41, 8.17) pg/g creatinine,
respectively. The concentrations of each metabolite were 6.85 (6.51,
7.21) pg/g creatinine for DMA, 0.34 (0.32, 0.36) pg/g creatinine for
MMA and 0.33 (0.31, 0.35) pg/g creatinine for iAs. The medians (95%
CI) of the calibrated %DMA, %MMA and %iAs were 84.47% (84.00,
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85.04), 7.07% (6.67, 7.40) and 7.55% (7.29, 7.93), respectively
(Table S2).

The variability of the three calibrated percentages of metabolites can
be summarized in two principal components. Principal component 1
(PC1) explained 89% of the variance and was characterized by higher %
DMA and lower %iAs and %MMA. Principal component 2 (PC2)
explained the remaining 11% of the variance and was characterized by
higher %iAs and lower %MMA.

3.2. Association between TAs, its metabolites and as methylation
efficiency and MSCA scores

Maternal urinary MMA concentrations were linear, inverse
and significantly associated with the general scale (f [95%CI]: 1.37

[-2.33, —0.41], p-value = 0.01), verbal scale (p [95%CI]: 1.18
[-2.13, —0.23], p-value = 0.02), quantitative scale (§ [95%CI]: 1.23
[-2.20, —0.27], p-value = 0.01), memory scale (p [95%CI]: 1.19
[-2.17, —0.20], p-value = 0.02), executive function scale (f [95%CI]:

0.98 [—2.00, 0.04], p-value = 0.06) and working memory scale (§ [95%
CI]: 0.96 [-1.90, —0.02], p-value = 0.04) (Fig. 2). No associations were
found between the other As metabolites analysed and the MSCA scales in
the multivariate models, except for TAs and AB concentrations, which
were positively associated with the verbal scale (B [95%CI]: 0.65
[0.03, 1.27], p-value = 0.04 and 0.59 [0.11, 1.07], p-value = 0.02,
respectively) (Fig. 2). Finally, in order to investigate the positive asso-
ciation between maternal urinary TAs and AB and the scores of the
verbal scale, we ran the main models in a sub-sample of pregnant
women with the least seafood consumption (first quartile of seafood
consumption = 0-25.22 g per week, n = 201). The positive coefficients
were maintained but the p-value of the associations did not reach sta-
tistical significance (see Table S5).

Regarding As methylation efficiency, the model showed an inverse
association between calibrated %MMA and the memory scale scores (8
[95%CI]: 3.33 [—6.72, 0.05], p = 0.05), this relation being U-shaped (p-
value (LRT) for the spline-based model <0.01). Furthermore, a positive
relationship was observed between calibrated %iAs and the scores for
the gross motor scale (f [95%CI]: 2.32 [—0.03, 4.66], p = 0.05) (Fig. 3).
Finally, PC1 and PC2, used as methylation phenotypes, were not related
to any MSCA scale (Fig. 3).

3.3. Effect modification analysis

Fig. 4 and Table S3 show the influence of child’s sex and maternal
nutrients (serum Mn, Se and ferritin, urinary Zn, and estimated vitamins
Bg and B, and folate intake) on the association between methylation
efficiency and the scores for the ten MSCA scales. Regarding child’s sex,
we observed that boys whose mothers had higher %DMA obtained lower
scores on the executive function scale (p [95%CI] = —4.05 [-7.78,
—0.32], interaction p-value = 0.085), compared to girls (f [95%CI] =
0.74 [-3.28, 4.76]). Also, boys whose mothers had higher %iAs ob-
tained lower scores on the fine motor scale (B [95%CI] = —2.059
[-5.257, —1.140], interaction p-value = 0.084), compared to girls (§
[95%CI] = 1.99 [—1.32, 5.29]). Nevertheless, neither of the p-values of
the interaction term was significant.

We observed statistically significant interactions between maternal
serum Mn and %DMA, %MMA and %iAs, but with different patterns.
Specifically, children whose mothers had Mn concentrations below the
median (<1.44 pg/L) obtained lower scores on the perceptual perfor-
mance scale with increasing %MMA (f [95%CI] = —3.82 [-8.57,
—0.93], interaction p-value = 0.03) and on the fine motor scale with
increasing %iAs (p [95%CI] = —2.47 [-5.62, 0.671], interaction p-value
= 0.02). Moreover, children whose mothers had Mn concentrations
above the median obtained lower scores on the motor scale with
increasing %DMA ( [95%CI] = —4.45 [-8.33, —0.57], interaction p-
value = 0.05).

Other statistically significant interactions observed were between
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Fig. 2. Association between prenatal As and its metabolite concentrations and children’s neuropsychological development assessed by the McCarthy test scores at
4-5 years of age. INMA Project (Valencia and Gipuzkoa. Spain. 2003-2008). Note: Percept-Perform, perceptive-performance; pg/L, micrograms per litre; TAs, Total
As; TAs, sum of DMA, MMA and iAs; DMA, dimethylarsinic acid; MMA, monomethylarsonic acid; iAs, inorganic As; %DMA, percentage of dimethylarsinic acid; %
MMA, percentage of monomethyl arsonic acid; %iAs, percentage of inorganic As; n = total sample used in each model. As and its metabolite concentrations were
log2-transformed. All models were adjusted for creatinine. Additionally, each model was adjusted for different confounders and covariates (See Tables S4.1, S4.2

and, 54.3).

maternal urinary Zn and %MMA. Thus, children whose mothers had
urinary Zn concentrations below the median (<363.8 pg/L) obtained
lower scores on the motor, fine motor and gross motor scales with
increasing %MMA (p [95%CI] = —3.44 [-7.64, 0.75], interaction p-
value <0.01, p [95%CI] = —2.32 [—6.38, 1.74], interaction p-value =
0.03 and p [95%CI] = —4.06 [—8.14, 0.02], interaction p-value = 0.01,
respectively). Additionally, the interaction between maternal ferritin
and %iAs was also statistically significant for three of the scales. Chil-
dren whose mothers presented ID (serum ferritin <15 pg/L) obtained
worse scores for the general, verbal and memory scales with increasing
%iAs (p [95%CI] = —4.27 [—10.83, 2.29], p interaction = 0.04,  [95%
CI] = —6.58 [—13.13, —0.03], p interaction = 0.01 and p [95%CI] =
—6.33 [—12.94, 0.26], p interaction = <0.01, respectively).

3.4. Sensitivity analysis

The exclusion of preterm births (n = 31), low birth weight (n = 39) or
those in whom the quality test was uncertain (n = 27) did not affect the
estimates meaningfully (Fig. S1 and Fig. S2).

The same analysis was performed using the non-calibrated As
metabolite percentages, a slightly lower f coefficient being observed,
together with a statistically significant p-value in the association be-
tween %MMA and on the working memory scale (Fig. S3). When the
maternal fish intake variable was included in the models, the results
were virtually the same. Finally, when we included the variable of the
maternal smoking habit in the main models of the general, verbal,
quantitative, memory and executive function scales, the logs MMA
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estimates were not affected (Table S6). In the same way, we did not
observe any statistically significant interactions between maternal
smoking habit and log2 MMA concentrations (Fig. S4).

4. Discussion

The present study, carried out on the INMA Spanish birth cohort,
found an inverse association between maternal urinary MMA concen-
trations and general, verbal, quantitative, memory, executive function
and working memory development at 4-5 years of age. Additionally, %
MMA was inversely associated with the memory scale scores. The as-
sociation between As methylation and children’s neuropsychological
development seems to be influenced by the maternal concentrations of
some nutrients and elements; thus, children whose mothers had lower
levels of Mn, Zn and ferritin during pregnancy obtained worse scores
with decreasing As methylation efficiency. As far as we know, this is the
largest epidemiological study to date evaluating the association between
prenatal As metabolites and neuropsychological development in child-
hood in an area with low-level exposure to As (World Health Organi-
zation, 2017).

Some birth cohort studies have evaluated the relation between pre-
natal As exposure and neuropsychological development in childhood
(Table 1). In Bangladesh, an inverse association was found between
urinary ) As concentrations in the first trimester of pregnancy (median
[p10, p90] = 81 [24,380] pg/L) and the verbal intelligence quotient
scale at 5 years of age, assessed by the Wechsler Preschool and Primary
Scale of Intelligence. Nevertheless, this inverse association was only
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Fig. 3. Association between As methylation efficiency (measured by calibrated! As metabolite percentages and principal components 1 and 2) and children’s
neuropsychological development assessed by the McCarthy test scores at 4-5 years of age. INMA Project (Valencia and Gipuzkoa. Spain. 2003-2008). Note: Percept-
Perform, perceptive-performance; %DMA, percentage of dimethylarsinic acid; % MMA, percentage of monomethyl arsonic acid; %iAs, percentage of inorganic As;
PC: principal component; n = total sample used in each model. 'Calibrated percentages were calculated with As metabolite concentrations corrected for arsen-
obetaine and creatinine concentrations. The percentages of each metabolite were calculated: levels of calibrated metabolite/(calibrated DMA + calibrated MMA +
calibrated unmethylated iAs). Calibrated percentages were probit-transformed. Additionally, each model was adjusted for different confounders and covariates (See

Tables S4.1, S4.2 and, S4.3).

observed for girls (Hamadani et al., 2011). In the same cohort, prenatal
>"As was inversely associated with verbal comprehension, processing
reasoning, processing speed and the full development score at 10 years
of age (Vahter et al., 2020). In another birth cohort study carried out in
Nepal, the association between prenatal As exposure measured in cord
blood (median [p25, p75] = 1.46 [0.97, 1.74] pg/L) and child neuro-
development at birth and at 6 and 24 months of age was evaluated. The
researchers only found an inverse association between cord blood As
and the state regulation cluster scores of the Brazelton neonatal
behavioural assessment; no association with child neurodevelopment
was observed at 6 and 24 months of age (Parajuli et al., 2013, 2014,
2015a). In the Ma’anshan-Anhui Birth Cohort (China), As cord blood
concentrations (serum) (median [p25, p75] = 1.89 [1.27, 2.89] pg/L)
were associated with a higher risk of developmental delay in the social
domain among 6-month-old children, assessed through the Ages and
Stages Questionnaire. Nevertheless, this association was only significant
in girls (Liang et al., 2020). Finally, in a previous study in the INMA
cohort an inverse association was observed between placenta As con-
centrations (median <0.23 ng/g) and executive function and verbal
executive function, evaluated through the MSCA at 5 years of age (Freire
et al., 2018) (see Table 2).

Thus, the epidemiology literature on the relationship between pre-
natal As exposure and neuropsychological development in childhood is
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still too scarce to draw any definitive conclusion. Additionally, the
methodology used in the different studies is too heterogeneous, which
hampers comparability between them. Furthermore, the biomarker of
exposure used in these previous studies was total As (sum of organic and
inorganic forms) or >_As (sum of DMA, MMA and iAs), and none of them
evaluated the different species individually. This fact may have added a
certain degree of imprecision in the exposure assessment that could
partly explain the inconsistencies in the results. Arsenic concentrations
were substantially different across the studies; for example, the median
urinary ) As concentrations in the Bangladeshi cohort of pregnant
women were around 80 pg/L, which are much higher concentrations
than in the present study (7.4 pg/L). These differences in urinary > As
concentrations could imply a differential relative contribution of each
species in the total concentrations. For example, in the Bangladeshi birth
cohort, the major contributor in }_As may be iAs, due to the fact that the
general population in Bangladesh is highly exposed to iAs through
drinking water (Shahid et al., 2020). In contrast, in our population, iAs
exposure from water is low (around 1 pg/L) (Ministerio de Sanidad
Servicios Sociales e Igualdad, 2019), and the main contributor to pre-
natal iAs and its metabolite concentrations is the consumption of certain
foods, such as rice or molluscs (Soler-Blasco et al., 2021). Moreover, our
population was highly exposed to non-toxic organic arsenicals from high
fish consumption.
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development assessed by the McCarthy test scores at 4-5 years of age. INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008). Note: Percept-Perform: perceptive-
performance; %DMA, percentage of dimethylarsinic acid; % MMA, percentage of monomethylarsonic acid; %iAs, percentage of inorganic As; Mn, manganese; Se,
selenium; Zn, zinc; Vit, vitamin.  As metabolite concentrations corrected for arsenobetaine and creatinine concentrations. All models were adjusted for creatinine.
Additionally, each model was adjusted for different confounders and covariates (See Tables S4.1, S4.2 and, S4.3). The percentages of each metabolite were
calculated: levels of the calibrated metabolite/(calibrated DMA + calibrated MMA + calibrated iAs)*100.

In our study, maternal urinary MMA concentrations were associated
with a decrease in the scores of several MSCA scales. We have not found
any other studies that have analysed the relationship between prenatal
exposure to different arsenic metabolites and neuropsychological
development during childhood. Only a few cross-sectional studies have
analysed the association between postnatal urinary metabolites and
children’s cognitive function. In one Mexican study (n = 602), the au-
thors found a significant association between urinary MMA concentra-
tions (mean = 7.7 pg/L) and problem-solving, vocabulary, memory and
attention tests in schoolchildren, evaluated by several tests (Letter
Sequencing, Visual Search, the Peabody Picture Vocabulary Test, the
Weschsler Intelligence Scale for Children Revised Mexican Version Digit
Span Subscale, among others) (Rosado et al., 2007). In a case-control
study carried out in Taiwan (n of cases = 63, n of controls = 35), the
MMA and the iAs concentrations in the highest tertile (>0.0028 and >
0.49 pg/L, respectively) increased the risk of neurodevelopmental delay
in preschool children, evaluated through multiple neurodevelopmental
tests (Peabody Developmental Motor Scales, Gross Motor Function
Measure, Chinese Wechsler Intelligence Scale for Children, and Bayley
III Scales of Infant and Toddler Development, among others) (Hsieh
et al., 2014). The results derived from these two studies with postnatal
As exposure seem to be in agreement with those observed in our study
with prenatal As. Nevertheless, comparison of the studies must be

performed with caution.

Although the mechanism of As neurotoxicity is still not fully un-
derstood, some experimental studies on animals have proposed oxida-
tive stress as a possible mechanism (Chandravanshi et al., 2018; Luo and
Shu, 2015); As has been related to an increase in reactive oxygen species
(ROS) concentrations and its accumulation in certain areas of the central
nervous system, particularly in the frontal cortex region (Luo and Shu,
2015; Mishra and Flora, 2008). This accumulation causes lipid peroxi-
dation, which leads to DNA damage and, consequently, brain cell death
and degeneration of the CNS (Chandravanshi et al., 2018; Luo and Shu,
2015). The prefrontal cortex region is related to memory, perception,
new learning and other cognitive processes (Siddiqui et al., 2008).
Another As neurotoxicity mechanism that has been proposed is a
neurotransmission impairment, specifically in the metabolism of
acetylcholine. The cholinergic alteration produced seems to generate
learning and memory impairment (Chandravanshi et al., 2014). The
methylated forms, DMA and MMA, seem to be accumulated in the brain.
Experimental studies have observed higher levels of MMA in the hip-
pocampus, related to verbal learning and memory, and the thalamus,
related to some motor tasks, working memory, attention control,
learning and memory processing (Georgescu et al., 2020; Li et al., 2020;
Sanchez-Pena et al., 2010; Tyler and Allan, 2014).

Although As metabolism is considered a detoxification mechanism, a
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Table 1
Sociodemographic and environmental characteristics of study participants, and urinary maternal TAs and >_As at first trimester.
Variables at pregnancy Included Population (N = 807) TAs P-value® > As P-value”
N %) (pg/g creatinine) (pg/g creatinine)

Area of study
Gipuzkoa 340 (42) 41.31 (36.39, 46.89) <0.01 7.44 (6.91, 8.01) 0.13
Valencia 467 (58) 32.20 (29.08, 35.66) 8.04 (7.53, 8.58)

Maternal age (years)
<25 36 (4) 17.97 (12.41, 26.02) <0.01 6.19 (4.94, 7.76) 0.17
25-29 263 (33) 33.91 (29.43, 39.07) 7.63 (6.99, 8.34)
30-34 361 (45) 39.11 (34.91, 43.82) 7.98 (7.42, 8.58)
>35 147 (18) 37.31 (30.61, 45.47) 8.00 (7.15, 8.96)

Maternal country of birth
Spain 764 (95) 36.47 (33.62, 39.56) 0.01 7.73 (7.35, 8.13) 0.22
Others 43 (5) 25.11 (17.08, 36.91) 8.73 (6.99, 10.90)

BMI before pregnancy (kg/m?)
<25 (low and healthy weight) 610 (76) 37.89 (34.52, 41.58) 0.08 7.97 (7.54, 8.43) 0.28
25- <30 (overweight) 137 (17) 30.63 (25.64, 36.59) 7.22 (6.42, 8.13)
>30 (obesity) 60 (7) 28.26 (20.93, 38.15) 7.19 (5.87, 8.81)

Parity
0 446 (55) 37.08 (33.35, 41.24) 0.25 7.77 (7.26, 8.31) 0.76
>1 361 (45) 34.18 (30.28, 38.58) 7.80 (7.26, 8.37)

Parental social class
I+ II (high) 284 (35) 39.12 (34.15, 44.81) 0.17 8.10 (7.46, 8.80) 0.09
111 214 (27) 32.54 (28.27, 37.45) 7.09 (6.42, 7.83)
IV + V (low) 309 (38) 35.13 (30.67, 40.24) 7.99 (7.40, 8.63)

Maternal educational level
Up to primary 168 (21) 30.21 (25.33, 36.03) 0.07 7.27 (6.52, 8.09) 0.30
Secondary 325 (40) 36.43 (32.20, 41.21) 8.09 (7.48, 8.75)
University 313 (39) 38.28 (33.61, 43.60) 7.75 (7.17, 8.38)

Paternal educational level
Up to primary 269 (34) 31.70 (27.66, 36.34) 0.08 7.37 (6.80, 7.99) 0.46
Secondary 357 (44) 7.69 (33.40, 42.52) 7.90 (7.34, 8.50)
University 175 (22) 38.06 (31.96, 45.33) 8.24 (7.35, 9.23)

Maternal working status
Non-worker 166 (21) 32.24 (26.73, 38.89) 0.11 7.48 (6.78, 8.26) 0.62
Worker 641 (79) 36.72 (33.63, 40.10) 7.86 (7.43, 8.32)

Proximity of the residence to agricultural area
No 469 (59) 36.68 (32.90, 40.89) 0.44 7.49 (7.02, 7.98) 0.06
Yes 329 (41) 34.27 (30.44, 38.59) 8.19 (7.57, 8.85)

Maternal tobacco consumption”
No 653 (82) 36.46 (33.36, 39.84) 0.15 7.87 (7.44 8.31) 0.26
Yes 143 (18) 31.44 (26.05, 37.95) 7.29 (6.50 8.17)

Maternal alcohol consumption”
No 691 (86) 35.21 (32.30, 38.39) 0.35 7.68 (7.28 8.10) 0.05
Yes 111 14) 39.59 (31.87, 49.18) 8.59 (7.58 9.74)

Rice consumption 48.8 (30.5)
<1 serving per week 401 (50) 36.24 (32.25, 40.74) 0.68 7.14 (6.65 7.66) <0.01
>1 serving per week 401 (50) 35.34 (31.65, 39.46) 8.51 (7.959.11)

Fish consumption 80.0 (35.1)
<1 serving per week 180 (22) 23.23 (19.88, 27.14) <0.01 6.79 (6.15 7.49) <0.01
1 serving per week 347 (43) 37.26 (32.98, 42.09) 7.54 (7.02,8.09)
>1 serving per week 275 (35) 45.15 (39.43, 51.71) 8.91 (8.14,9.74)

Vitamin Bg intake
<2.3 mg/day 401 (50) 31.42 (26.41, 37.38) 0.09 7.05 (6.33, 7.86) 0.02
>2.3 mg/day 401 (50) 37.20 (33.99, 40.71) 8.03 (7.60, 8.49)

Vitamin B, intake
<9.4 mg/day 401 (50) 21.97 (12.22, 39.50) 0.04 6.92 (5.44, 8.80) 0.45
>9.4 mg/day 401 (50) 36.19 (33.38, 39.24) 7.82 (7.44, 8.22)

Folate and folic acid intake
<600 pg/day 121 (15) 28.06 (22.92, 34.34) 0.02 7.22 (6.33, 8.23) 0.21
>600 pg/day 681 (85) 37.38 (34.26, 40.78) 7.90 (7.50, 8.34)

Maternal serum ferritin
<15 pg/L 119 (15) 29.01 (23.68, 35.54) 0.02 7.00 (6.14, 7.98) 0.08
>15 pg/L 613 (76) 38.00 (34.66, 41.67) 7.93 (7.50, 8.38)

Note: N, sample size; BMI, Body mass index.
@ p-value, comparing maternal urinary TAs and Y As by different subgroups using Kruskal Wallis Test.
b Tobacco and alcohol consumption until the first trimester of pregnancy.
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growing number of studies have shown that the intermediate com-
pounds, especially forms in the trivalent oxidation state (MMA™ and
DMA™) could have higher reactivity and toxicity (Mass et al., 2001;
Nesnow et al., 2002; Styblo et al., 2000). In fact, increasing %MMA has
been found to be associated with a higher risk of several adverse health
effects, such as lung and skin cancer, atherosclerosis and cardiovascular
diseases (Gamboa-Loira et al., 2017; Kuo et al., 2017; Tseng, 2007). In
our study, we observed an inverse association between %MMA and the
scores on the memory scale. Another association found in our study was
a positive relationship between %iAs and the score on the gross motor
scale. A possible explanation is that a higher %iAs is indicating a lower
proportion of %MMA or %DMA. However, when the PCs were used as
methylation phenotypes, with the purpose of preventing the high cor-
relation between the three metabolite percentages, no association was
observed.

We have also noted a positive association between both TAs and AB
concentrations and scores for the verbal scale. Fish and seafood con-
sumption is the main source of the organic form AB (European Food
Safety Authority, 2009), and is the highest contributor to the total As
concentrations. Even though fish consumption is a source of toxicants (i.
e. As, but also methylmercury and polychlorinated biphenyls), it also
provides some essential nutrients related to better neurodevelopment,
such as proteins, vitamin D and, especially, n-3 long-chain poly-
unsaturated fatty acids (LCPUFA) (FAO/WHO, 2010; Julvez et al.,
2016). Although the models were adjusted for fish consumption, it is
possible that the food frequency questionnaire did not fully record the
maternal fish intake variability, thereby introducing some degree of
misclassification.

In our study, we have shown an interaction between As metabolism
and Fe status. Children whose mothers presented increasing %iAs and ID
(ferritin <15 pg/L) obtained lower scores on the general, verbal and
memory scales. Several epidemiological studies have analysed the
relationship between As exposure and its metabolism and Fe status. In a
cross-sectional study conducted on children, ID was associated with
lower %iAs and higher %DMA (Kordas et al., 2016). Conversely, another
study carried out with Mexican children showed associations between
higher serum ferritin concentration and lower %MMA and higher %
DMA (Kordas et al., 2017). The authors of this study suggested that a
better Fe status may promote a more efficient arsenic methylation. In a
cohort of pregnant Bangladeshi women, Li et al. (2008) found no asso-
ciation between serum ferritin levels and any As metabolite percentage.
Fe has been used as an efficient chelator agent for removal of As in
water, due to its ability to bind to arsenic and transform the soluble As
into insoluble compounds (Flora, 2015). Nevertheless, the relationship
between arsenic and Fe in the human body remains unclear. In experi-
mental studies, Fe concentrations seem to diminish the bioaccessibility
of As in the gut and increase its methylation (Clemente et al., 2019; Yu
et al., 2016). Liu et al. (2013) also showed that the decrease in the
bioavailability of As due to Fe co-exposure resulted in a decrease in the
toxicity of As in an animal experiment. Nevertheless, the interactive
effects of As exposure and its metabolism and the Fe status should
continue to be studied.

Finally, we have found that the relationship between As methylation
efficiency and scores on the MSCA sub-scales was modified by maternal
urinary Zn. Children whose mother had Zn levels below 363.7 pg/L
obtained lower scores on the three motor scales with increasing %MMA.
Few epidemiological studies have analysed the interactive effect be-
tween As and Zn. Most of them have focused on the effect of Zn on As
metabolism. For example, in pregnant Bangladeshi women, plasma Zn
was associated with higher %MMA and iAs and lower %DMA, only at the
highest level of As exposure (Li et al., 2008). Conversely, in a study
carried out with Mexican children, neither basal Zn concentration nor
Zn supplementation modified As metabolism (Kordas et al., 2017).
Several experimental studies have investigated the possible role of Zn in
As concentrations and toxicity. The administration of Zn in As-exposed
rodent models restored glutathione levels, which were diminished by
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As exposure, decreased lipid peroxidase concentrations and increased
induction of metallothionein (Ganger et al., 2016; Kumar et al., 2010).
These mechanisms seem to protect against As toxicity. Similarly, jointly
increasing As concentrations and Zn deficiency induced oxidative stress
in cell models (Wong et al., 2019). We also evaluated children’s sex as a
possible modifying factor and observed differences in the coefficients
between girls and boys; however, the interaction p-values were not
statistically significant.

Apart from the influence of some nutrients and elements on As
neurotoxicity, the association between prenatal MMA concentrations
and the MSCA scales observed in our study could be reflecting the
relationship between other variables with an influence on As meta-
bolism, such as maternal smoking and the OCM nutrients. Some studies
have shown an association between smoking during pregnancy and
OCM nutrients; women smokers presented lower folate and vitamin B;5
levels and higher homocysteine levels (Tuenter et al., 2019) than
non-smokers. Nevertheless, we have analysed this possible confounder
through two approaches: 1) adjusting the main models with the
maternal tobacco consumption during the first trimester of pregnancy,
and 2) evaluating the smoking habit as a potential modifier by inter-
action terms. In both approaches, we did not observe any influence of
the maternal smoking habit on the inverse association between MMA
concentrations and the MSCA subscales (data not shown). However, due
to the complexity of the interrelations between As metabolism, micro-
nutrients and other factors, such as genetic factors, the interpretation of
the association of MMA concentrations and child neurodevelopment
should be taken with caution.

This study has several limitations. Firstly, a considerable proportion
of children from the cohort were not included in the present study and
this loss to follow-up could represent a selection bias. We observed that
the participants who were included had a higher socioeconomic profile
and educational level. This fact could be affecting the representativity of
the study and the estimation of some exposure-outcome associations.
Another limitation is the assessment of As exposure at only one time-
point during pregnancy. As the vulnerability of the central nervous
system extends from the beginning of pregnancy to adolescence, and As
metabolism efficiency seems to change during pregnancy, it would have
been more accurate to measure As and its metabolites at several time-
points during pregnancy, as well as in the postnatal period. In the pre-
sent work, multiple analyses were performed, particularly in the inter-
action analysis, therefore results should be taken with caution because
some significant associations could result from chance. Coefficients and
their confidence intervals should be taken as a global representation of
the pattern of the relations between the variables involved in the study
(Rothman, 1990). Finally, although we evaluated multiple potential
confounders, the present study lacks information on some important
variables that could have an influence on cognitive development (such
as the postnatal growth environment), and on the relationship between
As methylation and child neurodevelopment, such as other nutrients
involved in one-carbon metabolism (i.e. choline and betaine) and ge-
netic information. For this reason, we cannot rule out the possibility of
residual confounding in the relationships between As exposure and its
metabolism and the results of neuropsychological development.

The major strength of our study is its prospective and extended
assessment of information, as this enabled us to obtain sufficient infor-
mation about characteristics of the mothers and the children, including
levels of other metals and essential elements, and estimated dietary
nutrients, which may affect both As exposure and its metabolism and
neuropsychological development. Another strength is the analysis of As
speciation in a considerably large sample. As far as we know, this is one
of the largest European studies to have analysed the association of
prenatal As species concentrations and methylation efficiency with child
neurodevelopment. Finally, another advantage is the analysis of As
methylation efficiency through two approaches: using the relative per-
centages of each As metabolite and principal component analysis.
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5. Conclusions

We have observed an inverse association between prenatal MMA
concentrations and children’s neuropsychological development at 4-5
years of age, specifically in verbal, quantitative, executive function and
working memory development. Furthermore, evidence has been found
of an inverse relationship between prenatal %MMA and memory func-
tion. Lower maternal Mn, Zn and ferritin concentrations seem to influ-
ence the relationship between As methylation and child
neurodevelopment. Children whose mothers had lower concentrations
of these nutrients and elements obtained lower scores with decreasing
As methylation efficiency.

As exposure and its metabolism is a complex process that is not yet
fully understood, and the possible toxics effects on the neuropsycho-
logical development could be entangled with several factors that exert
an influence on this relationship. Owing to these reasons, the results
presented in this research should be interpreted with caution. Similar
epidemiological studies are necessary in order to improve knowledge
about exposure to arsenic, as well as its different species, during critical
periods such as prenatal development and its effects on children’s
health. Also, in combination with more well-designed epidemiological
studies, there is a need for studies that can provide mechanistic data of
As neurotoxicity. It is also necessary to investigate further in order to
understand the impact of As methylation during pregnancy and the
possible interaction with several factors. Altogether, this knowledge
could be used to propose new recommendations and public health
strategies.
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6.1DISCUSION GENERAL

6.1.1 Niveles prenatales de As y Mn (articulo | y II)

Los niveles de Mn en suero descritos en el articulo | de la presente tesis fueron mas bajos que los
informados en otros trabajos donde las participantes también fueron mujeres embarazadas. Por
ejemplo, en el estudio de Yu et.al, (2013), llevado a cabo en China, la mediana de las
concentraciones en suero materno fue de 2,8 ug/L. Estos niveles fueron muy similares a los
observados en un estudio realizado en Suecia, donde la mediana de Mn en la misma matriz fue
de 2,7 pg/L (Ode et al., 2015). Estas diferencias podrian deberse, en parte, al momento del
desarrollo prenatal en el que se recogieron las muestras (o del muestreo). Por ejemplo, en los
estudios comentados anteriormente, los niveles de Mn se analizaron en muestras recogidas en
el momento del parto, mientras que, en nuestro estudio, se midieron en muestras de suero
materno recogidas durante el primer trimestre del embarazo. Igualmente, en el estudio de Zhou
et.al, (2021) la mediana de las concentraciones en suero materno recogido durante el primer
trimestre del embarazo, como en nuestro estudio, fueron menores (0,85 pg/L). Se ha descrito
una tendencia creciente de las concentraciones de Mn a lo largo del embarazo (Kupsco et al,,
2020; Spencer, 1999; Takser et al.,, 2004), probablemente debido a una mayor absorcion
intestinal de este elemento, asociado a la deficiencia de hierro fisioldgica presente durante este
periodo (Abbassi-Ghanavati et al., 2009; Finley, 1999). Ademas del momento de muestreo, la
variabilidad en la matriz empleada para medir las concentraciones de Mn (sangre de corddn,
sangre o suero materno) también dificulta la comparacién entre estudios (ver Tabla 4 [articulo 1]

y tabla 6).

Respecto a las concentraciones de As total en orina, asi como de las diferentes especies, en el
Articulo Il observamos que estos los niveles fueron mucho mdés bajos que en areas donde los
niveles de iAs en el agua son altos (>10 ug/L) (Chou et al., 2014; Christian et al., 2006; Gardner
et al,, 2011; Laine et al., 2015; Wang et al., 2021; Zhang et al., 2021). En comparacién, los niveles
de As en agua en Espafia durante los afios de estudio (2004-2008) obtuvieron una media de 0,4
ug/L, presentando concentraciones mayores a 10 ug/L entre un 0,06 y 0,10% de las
determinaciones (Palau Miguel et al., 2008, 2010). No obstante, las concentraciones urinarias de
MMA, iAs,y AB observadas en el presente estudio fueron mas altas que los observados en otras

zonas donde los niveles de As en agua de consumo son bajos, como EEUU, Croacia o Canada
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(Chenetal., 2021; Howe et al., 2020; Stajnko et al., 2019; Vaughan Watson et al., 2020) (ver Tabla
4 [Articulo 2] y Tabla 7).
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Edad Estudios que evallan relacién exposicién Mn prenatal y desarrollo
Estudio Pais N Mn matriz Periodo gestaciona Concentraciones Mn (pg/L) neuropsicolégico infantil (edad evaluacién; evaluacion
| neurodesarrollo; resultados principales)
Presente o .
estudio Spain 1179 Suero 9003-2005 T 1,45 (1.30-1.67)" 1 afio; De§arro||o mental y psicomotor (BSDI)
, materno Ns para ninguna de las escalas de BSDI
(Articulo 1)
Obpenheimer Sangre de Al Adolescentes; Memoria de trabajo*
PP ! EEUU 373 g , 1993-1998 nacimient 4,2 (1,6)* — para Memoria de trabajo verbal, —para indice de memoria de
(2022) corddn .
o trabajo
2T 2T:3,7 (11,1-17,0)1
) Sangre
McRae (2022) Mexico 633 ere 2007-2011 —
3T 3T: 8,3 (14,8-22,4)*
Miyashita Sangre 1
(2021) Japan 89273 T terns 2011-2014 2Ty 3T 15,3 (12,6-18,6) ng/g
South Sanare 6 afios; Coeficiente intellectual**
Lee (2021) 502 g 2008-2010 2T 12,6 (10,2-15,6)* Ns Mn prenatal y Cl a los 6 afios de edad.
Korea materna
. 1034 Control: 9,91 (8,04-13,30)" Naados‘entre 2002y 200?; Diagndsticos de TDHA y TEA
Skogheim Norueg controles Sangre Alrededor Mayor riesgo de TEA en hijos de madre con niveles de Mn prenatal
1999-2008 TDHA :9,63 (7,60-12, 0)} ] . ; )
(2021) a 705 TDHA materna 17 sg TEA: 10,2 (8,33-13,5)! en el 4 cuartil, en comparacién con el primer cuartil.Se observe un
397 TEA e ’ ligero patron en forma de U en nifios con diagndstico de TDHA.
) Sangre -
Shih (2021) EEUU 125 2009-2010 6-32 sg 10,51 (4,79-20,72)?
maternal
. Suero
Zhou (2021) China 8169 2017-2018 1T 0,82 (0,75-0,89)*
materno
Alrededor
Rivera-Nunez Puerto Sangre q
(2021) Rico 948 P . 2011-2017 dela 18y 11,3 (9,0-13,9) -

26 sg.
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Sangre 24-28 s¢ -
g Sangre materna: 10 (8-12)1
maternal
Pesce (2021) Francia 651 2003-2006 Al
Sangre nacimient Sangre corddn: 31 (24-41)t
cordon
o
Cualquier
Gong (2021)  China 196 sangre 2019 momento 16,47 (9,60-25,54)?
materna del
embarazo
Al
. . Sangre o
Dai (2021) China 1179 cordsn 2009-2010  nacimient 29,25 (6,84-316,73)2
o
Davies (2021)  Benin 262 Sangre 2014-2016 1T 11,2 (8,76-13,2)1
materna
4-6 afios; MSCA
Sanare 2T 2T:14,5 (5,0) + en puntuaciones de memoria y cuantitativa, en niflos cuyas
Kupsco (2020)  México 571 mategrna 2006 3T 3T:19,3 (6,80)* madres presentaron niveles de ferritina normales.
Parto

Parto: 25,1 (10,8)4

+ en escala de memoria en ninos cuyas madres presentaron niveles

Tabla 6. Concentraciones de Mn en sangre o suero y medidos en mujeres embarazadas en otros estudios y actualizacion de estudios longitudinales que han evaluado la exposicidn prenatal a Mn (medido en sangre o
Suero materno o de cordon) y el desarrollo neuropsicolégico durante la infancia (actualizacion Tabla 5, Articulo 1).

Nota: Sg: semanas de gestacion; N : tamafio muestral; T: trimestre de gestacion; TEA: transtoro del espectro autista; TDAH: Trastorno por déficit de atencidn / hiperactividad, —: relacion negativa; +: relacion positiva.

Mediana (p25 — p75); 2Mediana (Minimo — maximo); *Mediana (p5-p95); * Media (desviacion estandar)

*Evaluado a través de Wide Range Assessment of Memory and Learning, segunda edicion (WRAML2) Verbal Working Memory and Symbolic Working Memory subtests.
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Estudio Pais Eda.d N Periodo TAs SiAs iAs MMA DMA AB %iAs %MMA %DMA
gestacional
Per:tsue(;f E(Sg o 17 017 2003.2008 35,658 7,758 0,335 0,345% 6,858 20,17# 4,358 4,458 88,258
q (13sg) (33,1-38,2) (7,4-8,1) (0,31-0,36) (0,32-0,36) (6,5-7,1) (18,34-0,19) (4,0-4,5) (4,2-4,6) (87,6-88,7)
(articulo I1) VAL)
1T: 20,1218
. iastng
Ruan (2022) China 2T 628 2013-2016 U ND ND ND ND ND ND ND ND
37 (18,02 -35,83)
3T: 24,7318
(17,90 -35,24)
1,9
. 13,08%° 2,45%° 1,04%° 8,81%° L 7(l57§37 72,15%°
g (e 1 1038 2014-2016 (9,79-8,22) ND (1,25-414)  (0,62-165)  (6,16-2,69) ND (318';’;)’ 11,04)%°  (59,68-80,83)
0,454 0,28 2,974 6,54
; ; R 49 4 , , ,
Liu (2021) Taiwan 3T 430 2000-2001 12,71 (0,98) ND (0,026) (0,017) (0,13) (0,51) ND ND ND
As3+:
0,849
(0,59-1,24) L 10,95 .
Zhang (2021)  China 24-28 sg 411 2017-2018 ND ND 0,34~ (7,54- 6,29 ND ND ND
AsS4: (0,26-0,54) 16,431 (3,36-13,65)
1,9719
(1,60-2,48)
7,32 4,46 1,36>° 3,93%°
% 3 B , . , ,
Chen*(2021) EEUU 24-28sg 237 2009-2010 (6,55-8,18)5° (4,04-4,04)5° (1,02-1,82) <LOD (3,59-4,30) <LOD ND ND ND
Fano-Sizgorich , 52,656° 5,27%°
<
(2021) Perd <24sg 147 2019 (33,31) ND (2,91) ND ND ND ND ND ND
Moradnia . 4,518
(2021) Iran 1T 140 2019-2020 (2,2-12,0) ND ND ND ND ND ND ND ND
’ ; 53,7278 29,1478
Tsai (2021) Taiwan 3T 370 2012-2015 (53,03) (7.69) ND ND ND ND ND ND ND
Rivera-Nufiez Puerto Todo el 11,09
(2021) Rico embarazo** 948 2011-2017 (6,6-8,3) ND ND ND ND ND ND ND ND

Tabla 7. Concentraciones urinarias de As y sus metabolitos medidos en mujeres embarazadas en otros estudios (actualizacion Tabla 4, articulo II)

Nota: Sg: semanas de gestacién; T: trimestre de embarazo; N: tamafio muestral; ND: no disponible

! Mediana (p25 — p75); 2Mediana (Minimo — maximo); * Mediana (p5-p95); “Media (desviacidn estandar); *media geométrica (95%IC); ® Media geométrica (desviacion estandar geométrica); ” mediana (rango intercuartil);
8 Concentraciones ajustadas por creatinina (ug/gramo de cretinina); °Concentraciones ajustadas por gravedad especifica (ug/L).

*Estudio de casos- controles. Se muestran niveles Unicamente de controles.**Tres medidas repetidas durante todo el embarazo.
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6.1.2 Factores asociados a niveles As y Mn (articulo | y Il)

En la presente tesis se han estudiado los factores sociodemograficos, ambientales, dietéticos y
de estilos de vida que se asociaban con las concentraciones de Mn (articulo 1) y a las diferentes
especies del As (articulo Il). En el caso del Mn en suero materno, la Unica variable dietética que
se asocio fue el consumo de frutos secos, incluso tras el ajuste por otras variables dietéticas. Este
tipo de alimento suele presentar niveles altos de Mn, llegando a concentraciones entre 12 y 25
mg/kg en diferentes estudios (Agency for Toxic Substances and Disease Registry, 2012; Filippini
et al., 2018; Rose et al., 2010). Ademas, Espafia es el tercer pais de la UE en consumo per capita
de este producto, por detras de Grecia e Italia (Food and Agriculture Organization of the United
Nations, 2017). Esta asociacion contrasta con otros estudios realizados en dreas donde los niveles
de Mn en agua son bajos, como en el caso de Espafia, en los cuales la mayor contribucién a la
exposicion a Mn es a través del consumo de cereales (Filippini et al., 2018; Gimou et al., 2014;

Rose et al., 2010; Rubio et al., 2009).

Respecto a los factores sociodemograficos, observamos que las mujeres que no trabajaron
durante el primer trimestre de embarazo presentaron concentraciones de Mn mas bajas que las
trabajadoras. Este subgrupo de participantes presentd un consumo menor de frutos secos que
las trabajadoras (5.1 vs. 7.1 g/dia, p < 0.01), aunque el consumo de cereales fue mas alto (107 vs.

96.6 g/dia, p <0.01).

En nuestro estudio (articulo 1), el consumo de arroz fue uno de los factores que presentd una
mayor relacion con las concentraciones urinarias de As total y el resto de las especies de As,
excepto con la AB. Se han identificado muy pocos estudios que hayan analizado los niveles de As
(total y sus especies) en muestras de arroz en nuestro pais (Marin et al., 2018; Otero et al., 2020;
Signes-Pastor et al., 2016). En ellos se observa que, aunque este producto presenta los niveles
mas altos de TAs e iAs respecto a otros alimentos, la mayoria de las muestras de arroz analizadas
presentaron niveles por debajo de los limites establecidos por la Comisién Europea (European
Commission, 2015b). No obstante, el consumo de este tipo de producto en Espafia es alto, siendo
el segundo pais de la UE con un mayor consumo, por detras de Portugal (Food and Agriculture

Organization of the United Nations, 2017).

La ingesta de pescado también se asocié de manera directa con las concentraciones urinarias de
AB. Esta forma de As, considerada no téxica, es la especie mas abundante de As presente en el
pescado (European Food Safety Authority, 2009). Igualmente, el consumo de este tipo de
alimento se asocid positivamente, aunque en menor proporcion, con las concentraciones de
DMA. Ademds de la AB, en el pescado pueden detectarse otras formas complejas de As

(arsenoazucares y arsenolipidos), que se metabolizan a DMA tras la ingesta, (European Food
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Safety Authority, 2009; Molin et al., 2012), lo que podria explicar esta asociacién en nuestro
estudio. En el aflo 2019, Espafia fue el segundo pais de la UE, por detras de Portugal, con un
mayor consumo per capita de pescado y productos pesqueros, presentando un nivel de consumo
de estos productos casi del doble que la media de la UE (European Market Observatory for
Fisheries and Aquaculture Product, 2019). Finalmente, el consumo de otros tipos de alimentos
también se relaciond con alguna de las especies de As; por ejemplo, la ingesta de legumbres se
asocié de manera directa con las concentraciones de iAs, probablemente por ser un producto
que presenta niveles relativamente altos de iAs (Agencia Catalana de Seguretat Alimentaria,
2017). Por otra parte, el consumo de carne roja se asocié con una disminucion de las
concentraciones de MMA en orina. En este alimento se encuentran otros elementos y nutrientes
asociados con un mejor metabolismo del As, como el Zn o la vitamina B1, lo que podria explicar

esta relacion inversa (Kurzius-Spencer et al., 2017).

Respecto a otros factores asociados a la exposicién a As durante el embarazo, en nuestro estudio
observamos que las madres participantes en la cohorte de Valencia presentaron concentraciones
menores de TAs, AB y DMA, pero mayores de iAs y MMA, en comparacién con las participantes
de la cohorte de Gipuzkoa. El patron dietético de las mujeres en cada drea de estudio es diferente,
presentando un mayor consumo de arroz, marisco y moluscos en el area de Valencia, lo que
podria explicar esta variabilidad geografica (ver Tabla S4, articulo 1l). De manera similar, en
nuestro estudio observamos menores concentraciones de AB en mujeres nacidas en
Latinoamérica, que podria explicarse por un menor consumo de pescado en comparacion con las

mujeres nacidas en Espafia, lo que coincide con otros estudios (Caldwell et al., 2009).

6.1.3 Eficiencia en la metilacion del As durante el embarazo (articulo Il)

En nuestra poblacién, las mujeres embarazadas presentaron una mayor eficiencia en la
metilacidn de As, indicado por un mayor %DMA, y menores %MMA y %iAs, que la observada en
otros estudios en los que también se evalué dicha eficiencia durante el embarazo (ver Tabla 4,
articulo Il y Tabla 8). Como ya se ha comentado, actualmente el proceso de biotransformacién
del iAs no estd completamente entendido. El esquema propuesto incluye diferentes procesos de
reduccion (de formas pentavalentes a trivalentes), y metilacién (de iAs a MMA en un primer paso
y a DMA en un segundo paso) (Cullen, 2014). En la mayor parte de la literatura se ha usado como
forma para evaluar la eficiencia en la metilacion del iAs las proporciones relativas de cada
metabolito urinario (iAs, DMA y MMA) sobre la suma de estas tres especies (Agency for Toxic
Substances and Disease Registry, 2007). No obstante, este método tiene diversas limitaciones: 1)
este abordaje parece inapropiado en poblaciones con un alto consumo de pescado, debido a que

se podria sobreestimar la exposicidn a iAs debido a las concentraciones de DMA procedentes del
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metabolismo de las especies contenidas en el pescado (Navas-Acien et al.,, 2011); 2) los tres
porcentajes (%DMA, %MMA y %iAs) estan altamente correlacionados, lo que puede dificultar la
interpretacion de los resultados. Con el fin de minimizar estas dos limitaciones, en el presente
estudio se ha evaluado la eficiencia en la metilacion del As usando dos perspectivas diferentes:
1) calculando el porcentaje de las concentraciones calibradas de cada metabolito y 2) realizando
un analisis de componentes principales (PCA) de los porcentajes de los metabolitos. En nuestro
estudio, con el método de la calibracion se modificaron los niveles de metabolitos, produciendo
una disminucion especialmente de las concentraciones de DMA, lo que se tradujo en un menor
porcentaje relativo de este metabolito y, en consecuencia, a un mayor porcentaje de MMA e iAs.
Con el método de PCA, los resultados del presente estudio coinciden con los trabajos anteriores
(Balakrishnan et al., 2016; Gribble et al., 2015; Jansen et al., 2016; Spratlen et al., 2017). El primer
componente, PC1, indica una correlacidn inversa entre el %iAs y el %DMA, que se ha interpretado
como la capacidad de producir DMA, es decir, una mayor eficiencia en la metilacién del iAs. El
segundo componente, PC2, indica una correlacion inversa entre el X MMA y el %iAs. Este segundo
componente se ha interpretado como la capacidad de transformar iAs en MMA (primer paso del
proceso del metabolismo del iAs). No obstante, debido a que no existe todavia un consenso sobre
cual es la mejor manera de evaluar la eficiencia en la metilacion del As, la interpretacién y

comparacion de los resultados es compleja y deben tomarse con cautela.

6.1.4 Factores asociados a la eficiencia en la metilacion del As durante el

embarazo (articulo Il)

En nuestro estudio, las mujeres latinoamericanas presentaron una mayor eficiencia en la
metilacion del As respecto a las mujeres nacidas en Espafia. Este resultado coincide con estudios
previos, donde se ha observado que la eficiencia en la metilacidn se asocia con la etnia de los y
las participantes (Balakrishnan et al., 2018; De Loma et al., 2019; Farzan et al., 2020; Hopenhayn-
Rich etal., 1996). De hecho, en ciertas poblaciones de Sudamérica expuestas durante
generaciones a altos niveles de As, se ha observado la presencia de variaciones genéticas en el
gen AS3MT (arsenito metiltransferasa), siendo esta caracteristica genética la que contribuye en
mayor medida a la eficiencia en la metilacién del As (Schlebusch et al., 2015; Vahter et al., 1995).
No obstante, también podria ser posible que otras variables relacionadas con el origen de la
madre pudieran estar confundiendo esta asociacion (dieta, habito tabdquico etc), por lo que es

necesario seguir investigando esta relacion.

Asi mismo, un mayor IMC pregestacional se relaciond con una mayor eficiencia en la metilacién.
El mecanismo subyacente a esta relacion, que también se ha observado en estudios previos

(Bommarito et al., 2019; Shen et al., 2016), no esta claro. Se ha postulado que diversos factores
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relacionados con el IMC, como una peor funcidn renal o la ingesta de ciertas proteinas, podrian

asociarse con una mayor excrecién de DMA (Duan et al., 2019; Peters et al., 2015; Vahter, 2007).

Otros factores asociados con la eficiencia en la metilacion del As son la edad gestacional y el
consumo de tabaco durante el primer trimestre del embarazo. Ambos factores se relacionan con
el metabolismo de 1 carbono (OCM, por sus siglas en inglés), proceso esencial para la sintesis de
S-adenosil metionina (SAM), principal donante del grupo metilo en la metilacion del iAs (Abuawad
et al., 2021). Por una parte, se ha sugerido que el OCM es mas eficiente durante el periodo del
embarazo, ya que se incrementa la sintesis de colina enddgena, uno de los donantes del grupo
metilo (Vahter, 2009). Por otra parte, el consumo de tabaco se ha asociado con una disminucion
en las concentraciones de nutrientes relacionados con el OCM, como la vitamina B> o el folato
(Mouhamed et al., 2011). Ademas, el Cd, un compuesto presente en el tabaco, parece unirse al
GSH, uno de los antioxidantes involucrado en la reduccién de las especies de As de pentavalentes
a trivalentes. De hecho, en nuestra poblacidn, las concentraciones urinarias de Cd se asociaron

directamente con un aumento del %MMA.

Finalmente, en nuestro estudio no encontramos ninguna asociaciéon entre la ingesta estimada de
nutrientes relacionados con el OCM (vitamina B, vitamina Bi; y folato) y la eficiencia en la
metilaciéon. Estos nutrientes son necesarios en la sintesis de SAM. Diversos estudios han
encontrado asociaciones entre alguno de estos nutrientes y la metilaciéon del As (Bozack et al,,
2019; Gamble et al., 2005; Howe et al., 2017; Kurzius-Spencer et al., 2017). Sin embargo, los
resultados son heterogéneos cuando esta relacion se evalla en mujeres embarazadas (Hall et al.,
2007; Laine et al., 2018; Li et al., 2008). Como se ha comentado anteriormente, se ha observado
que la metilacion del As aumenta durante el curso del embarazo, por lo que la influencia de
ciertos cofactores y donantes de grupos metilo pueda ser menor durante este periodo (Gardner
et al., 2011). Por otra parte, es posible que el efecto de estos nutrientes sea mas dificil de apreciar
en poblaciones con suficiencia nutricional, como es el caso de nuestra poblacion, y que coincide

con el estudio de Howe et.al., (2014).

6.1.5 Asociacion de la exposicion prenatal a Mn y el desarrollo

neuropsicolégico evaluado durante la infancia (articulo |)

En este estudio de cohortes multicéntrico no se encontrd ninguna asociacién entre la exposicién
prenatal a Mn (evaluada a través de las concentraciones maternas de Mn en suero) y el desarrollo
mental y psicomotor de los nifios y nifias evaluado al afio de edad. Hoy en dia, la evidencia
disponible sobre la exposicion prenatal a Mn y el desarrollo neuropsicolégico durante la infancia

es escasa, y los resultados son todavia poco concluyentes. Dos revisiones sistematicas recientes
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han evaluado la relacién entre la exposicién a Mn durante edades tempranas, no solamente
prenatal, y el desarrollo neuropsicolégico infantil. La primera de ellas incluyd 37 estudios
epidemioldgicos, tanto transversales como longitudinales (Leonhard et al., 2019). Debido a la alta
heterogeneidad en los biomarcadores y los instrumentos de evaluacién del efecto utilizados, el
tipo de disefio, y la diferencia entre las poblaciones analizadas (poblacion general y comunidades
altamente expuestas), los autores del estudio concluyeron que la evidencia hasta el momento no
podia confirmar una asociacién causal. En una revision sistematica posterior se incluyeron, entre
otros, diez estudios de cohortes que evaluaron la asociacién entre los niveles prenatales a Mny
el desarrollo neuropsicoldgico en nifios y nifias menores de 6 afios. Los autores de la revision
concluyeron que una mayor exposicién al Mn se asociaba negativamente con el neurodesarrollo
infantil, especialmente con las habilidades cognitivas y motoras en edades tempranas (menores

de 6 afos) (Liu et al., 2020).

Como se ha comentado anteriormente, debido a la alta heterogeneidad entre los estudios, la
comparabilidad de los resultados es compleja. En la Tabla 4 (articulo 1) y Tabla 7 se presentan los
estudios longitudinales sobre la exposicién prenatal a Mn (medido en suero o sangre materna o
sangre del corddn umbilical) y el desarrollo neuropsicoldgico en la infancia. En concordancia con
nuestros resultados, diversos estudios no encontraron ninguna asociacién estadisticamente
significativa entre la exposiciéon prenatal a Mn y el desarrollo neuropsicolégico evaluado a los 6
afios de edad en Corea del Sur (Lee et al., 2021), al afio de edad en Costa Rica (Mora et al., 2018)
y alos 6 mesesy 3y 6 afios en Francia (Takser et al., 2003). Respecto a este Ultimo articulo, esta
ausencia de asociacion solo se observd cuando se utilizé como biomarcador de exposicion el Mn
medido en sangre materna. Sin embargo, los autores si que encontraron una relacion inversa
entre las concentraciones de Mn medido en sangre de corddn y varias escalas del MSCA. En el
estudio de Oppenheimer et al., (2022), llevado a cabo en EEUU, también se encontrd una
asociacion negativa entre los niveles de Mn medidos en sangre de corddn vy la escala de memoria
de trabajo evaluada durante la adolescencia. Al contrario, en el estudio de Claus-Henn et al,,
(2017) la asociacion inversa significativa se observd cuando la exposicion fue el Mn medido en
sangre materna, pero no en sangre de cordon. Otros estudios, sin embargo, han encontrado una
asociacion beneficiosa entre los niveles prenatales de Mn y el neurodesarrollo infantil (Irizar et al.,
2021; Mora et al., 2015). Precisamente, en el estudio de Irizar et al., (2021) se evalud la relacién
entre la exposicién prenatal a Mn en suero y el desarrollo neuropsicoldgico evaluado a los 4-5
afios de edad en mujeres y nifios y nifias de las cohortes INMA Valencia e INMA Gipuzkoa, las
mismas que en el presente trabajo. En esta investigacion se encontrd una asociacion beneficiosa
de las concentraciones maternas de Mn en suero durante el primer trimestre de embarazo

(media 1,56 ug/L) y las escalas verbal, numérica y general del MSCA, pero Unicamente en nifias.
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En algunas de las investigaciones previas, la asociacion observada entre la exposicién prenatal a
Mn y el neurodesarrollo infantil siguié un patrén de U-invertida, lo que puede sugerir que existe
un umbral de niveles de Mn por encima del cual se evidencian efectos negativos en el
neurodesarrollo (Chung et al., 2015; Lin et al., 2013; Mufioz-Rocha et al., 2018). No obstante, en
nuestro estudio el uso de modelos no lineales no mejord el ajuste de los modelos, lo que esta en
consonancia con el estudio de Mora et al., (2018). Las discrepancias entre nuestro trabajo y las
investigaciones previas pueden ser debidas a que las concentraciones de Mn en nuestra
poblacion se mantengan dentro de unos limites donde este compuesto se comporta como un
elemento esencial, sin producir efectos téxicos (Agency for Toxic Substances and Disease

Registry, 2012).

Finalmente, en el presente estudio se evalud si la asociacion pudiera ser modificada por ciertas
variables. En primer lugar, el Mn y el Fe comparten mecanismos de absorcién y transporte, y
estudios experimentales han sugerido que estos dos elementos compiten en la barrera
hematoencefalica (Agency for Toxic Substances and Disease Registry, 2012). En nuestro estudio,
las mujeres que presentaron niveles de ferritina sérica por debajo de 15 pg/L mostraron niveles
ligeramente mayores de Mn que las que presentaban niveles normales de ferritina, aunque estas
diferencias no fueron estadisticamente significativas. Al incluir el término de interaccion entre la
ferritina y el Mn en los modelos que evaluaron la asociacion entre las concentraciones maternas
de Mny las puntuaciones en las subescalas del test de Bayley, este tampoco fue significativo para
ninguna de las dos escalas. Solo se han encontrado dos estudios, ambos Ilevados a cabo en
México, que han evaluado esta relacién y en ambos se observan diferencias en el efecto
producido por la exposicién de Mn prenatal sobre en neurodesarrollo infantil, dependiendo del
estado férrico de la madre (Gunier et al., 2015; Kupsco et al., 2020). En el estudio de Gunier et
al., (2015) (mediana de Mn evaluada en dentina prenatal: 0,51 AUC 55Mn:43Ca) se observé una
asociacion negativa entre los niveles prenatales de Mn vy las escalas tanto mental como
psicomotora, en nifias cuyas madres presentaron niveles bajos de hemoglobina (<11,6 g/dL). En
el segundo estudio, se observd que los nifios y nifias cuyas madres presentaban valores normales
de ferritina (=15 pg/L) y de hemoglobina (> 11g/dL) presentaron mejores puntuaciones en
diversas escalas del MSCA evaluado a los 4-6 afios de edad al aumentar las concentraciones de
Mn prenatal (medias de Mn en sangre en segundo y tercer trimestre del embarazo: 14,5y 19,3

ug/L, respectivamente) (Kupsco et al., 2020).

En segundo lugar, se ha evaluado una posible modificacion de efecto debida al sexo de los
participantes al afio de edad. Diversos estudios han encontrado una modificacion del efecto por
esta variable, observando efectos adversos solo en nifias (Baeuer et al., 2021; Bauer et al., 2017,

Broberg et al., 2019; Gunier et al., 2015). No obstante, en nuestro estudio no encontramos que
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el sexo influyera en la asociacion, lo que esta en consonancia con otros estudios (Bouchard et al,,

2007; Oulhote et al., 2014).

6.1.6 Efectos de la exposicidon prenatal a As y sus diferentes especies y

efectos en el neurodesarrollo durante la infancia (articulo )

En el presente trabajo, se ha descrito una relacién negativa y estadisticamente significativa entre
las concentraciones urinarias de MMA durante el primer trimestre del embarazo y las
puntuaciones en las siguientes subescalas del MSCA a los 4-5 afios de edad: general, numérica,
memoria, memoria de trabajo, y funcién ejecutiva. Diversos estudios han evaluado la relacion
entre la exposicién prenatal a iAs y el desarrollo neuropsicoldgico durante la infancia. En la
cohorte de Bangladesh, un incremento en las concentraciones de YAs durante el primer trimestre
del embarazo se asociaron a peores puntuaciones en la escala de cociente intelectual verbal a los
5 afios de edad, aunque Unicamente en nifias (Hamadani et al., 2011). En la misma cohorte, el
efecto negativo se observd en las escalas de comprension verbal, velocidad de procesamiento,
razonamiento de procesamiento, y la puntuacién de desarrollo completo a los 10 afios de edad,
siendo el efecto en estas dos Ultimas escalas Unicamente significativo en nifias (Vahter et al.,
2020). Un estudio realizado en poblacién nepali encontré una asociacién inversa entre las
concentraciones de As medidas en sangre de corddn y la escala de regulacién del estado de la
escala neonatal de Brazelton, pero no se observd ninguna asociaciéon con el neurodesarrollo a los
6y 24 meses de edad en la misma poblacion (Parajuli et al., 2013, 2014; Parajuli et al., 2015a). En
una cohorte de nacimiento llevada a cabo en China, las concentraciones de As en suero de cordon
se asociaron con un mayor riesgo de retraso en el desarrollo en el dmbito social a los 6 meses de
edad, aunque, igual que en Bangladesh, esta asociacion Unicamente se observd en nifias (Liang
et al., 2020). Finalmente, en un estudio llevado a cabo en una zona de alta exposicién a As y otros
toxicos (area de mineria de oro) en Tanzania no se observd ninguna asociacién entre las
concentraciones urinarias de As durante el segundo trimestre del embarazo y el desarrollo

neuropsicolégico de los nifios y nifias entre 6 y 12 afios de edad (Nyanza et al., 2021).

Como se observa, la evidencia respecto a la exposicidn prenatal a As y su efecto en el desarrollo
neuropsicolégico durante la infancia es todavia insuficiente para establecer una conclusion
definitiva. Ademds, existen diferencias sustanciales entre los estudios que dificultan la
comparacion. Por una parte, las concentraciones de As han sido analizadas en diferentes matrices
(sangre y suero de corddn u orina materna en diferentes momentos del embarazo). Por otra
parte, el biomarcador de exposicion también varid entre los diferentes estudios, siendo el mas
utilizado el As total o la suma de formas organicas e inorganicas (DMA, MMA e iAs), pero ninguno

de ellos ha evaluado el efecto de cada especie de As individualmente. De hecho, hasta donde
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sabemos, el trabajo incluido en esta tesis (Articulo Ill) es el primer estudio epidemioldgico que ha
evaluado la asociacién entre las diferentes especies prenatales de As y el desarrollo

neuropsicoldgico en la infancia en poblaciones expuestas a niveles bajos de As.

En nuestro estudio, las concentraciones prenatales de MMA se asociaron con una peor
puntuacién en varias subescalas del MSCA a los 4-5 afios de edad, aunque la magnitud del efecto
fue pequefia. Como se ha comentado, no hemos encontrado estudios que hayan evaluado las
concentraciones prenatales de MMA y el neurodesarrollo infantil. Unicamente se han localizado
dos estudios transversales que evaluaron la asociacidn entre las concentraciones postnatales de
MMA v la funcién cognitiva en nifios, encontrando que mayores concentraciones de MMA se
relacionan con peores resultados en el neurodesarrollo infantil (Hsieh et al., 2014; Rosado et al.,,
2007). Sin embargo, la comparacion con estos estudios debe hacerse con precaucion debido a las

diferencias entre las concentraciones y el tipo de disefio de los estudios.

Ademds, en el presente estudio se encontrd una relacién positiva entre las concentraciones de
TAs y AB vy la puntuacion en la escala verbal. Este resultado podria explicarse por el consumo de
pescado. Este alimento es la mayor fuente de AB, la cual es el mayor contribuidor del As total
(European Food Safety Authority, 2009). Ademas de ser fuente de diversos toxicos, el consumo
de pescado provee de nutrientes esenciales relacionados con un mejor neurodesarrollo, como
proteinas y acidos grasos poliinsaturados de cadena larga (FAO/WHO, 2010; Julvez et al., 2016).
Aunque los modelos finales se ajustaron por el consumo de pescado, es posible que el
cuestionario de frecuencia alimentaria no recogiera totalmente la variabilidad en la ingesta

materna de pescado y hubiera cierta confusién residual.

6.1.7 Eficiencia en la metilacion del arsénico durante el embarazo y

asociacion con el neurodesarrollo durante la infancia (articulo 3)

El metabolismo del As estd considerado como un mecanismo de detoxificacion. No obstante, las
formas intermedias producidas durante este proceso, especialmente las formas trivalentes,
podrian tener una alta reactividad y toxicidad (Nesnow et al., 2002; Styblo et al., 2000). De hecho,
elaumento en el %XMMA ha estado relacionado con un incremento de efectos negativos en salud,
como aumento del riesgo de padecer cancer de pulmdn, de piel y de mama, o enfermedades
cardiovasculares (Abuawad et al., 2021; Gamboa-Loira et al., 2017; Kuo et al., 2017). En nuestro
estudio, hemos observado una asociacién inversa entre el %MMA y las puntuaciones en la escala
de memoria. Unicamente hemos encontrado un estudio caso-control en el que se analizé la
asociacion entre el metabolismo del As (evaluado mediante %DMA, %MMA y %iAs) y el riesgo de

padecer retraso en el neurodesarrollo a los 5-6 afios de edad en nifios y nifias de Taiwan. En este
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estudio los participantes con porcentajes de MMA urinario mayores a 2,14 presentaron un riesgo
mayor de padecer retraso en el neurodesarrollo (Odds Ratio [IC95%]: 2,35 [1,22 a 4,53]) (Hsueh
et al,, 2016).

En el presente trabajo se ha evaluado la posible modificacién del efecto producido por diferentes
nutrientes y elementos, como por ejemplo las vitaminas Be y B1, el folato, el Zn, el Se y el estado
férrico. Asi, se ha observado que los nifios y nifias cuyas madres presentaron mayores %iAs y
deficiencia de hierro (ferritina <15 pg / L) obtuvieron puntuaciones mas bajas en las escalas
general, verbal y de memoria. De la misma manera, los nifios y nifias cuyas madres presentaron
niveles mas bajos de Zn urinario (<363.7 ug/L) presentaron peores puntuaciones en las tres
escalas motoras, conforme aumentaba el %MMA. Solo unos pocos estudios han evaluado la
relacion entre las concentraciones de Fe y/o Zn y el metabolismo del As, obteniendo resultados
heterogéneos (Kordas et al., 2016, 2017; Li et al., 2008). En estudios experimentales se ha
observado que mayores concentraciones de Fe disminuyen la bioaccesibilidad del As en el
intestino, aumentando su metabolismo, lo que puede llevar a una diminucién en su toxicidad
(Clemente et al., 2019; Liu et al., 2013; Yu et al., 2016). Por su parte, en modelos animales, la
administracién de Zn parece restaurar los niveles de glutatién, disminuidos por la exposicion al
As, e induce la produccién de metalotioneina, lo que podria proteger contra la toxicidad

producida por el As (Ganger et al., 2016; Kumar et al., 2010).

6.1.8 Interaccidn entre la eficiencia en la metilacion del As y Mn y efectos en

el neurodesarrollo durante la infancia (articulo Ill)

En el presente estudio hemos descrito una interaccion entre la eficiencia en la metilacion del As
y los niveles de Mn en suero materno. Los nifios y nifios cuyas madres presentaron una menor
eficiencia en la metilacién de As (denotado por mayor %iAs) y concentraciones mas altas de Mn

(21,44 pg/L) obtuvieron puntuaciones mayores en la escala motora global.

Como se ha comentado anteriormente, el Mn es un metal esencial que participa en numerosos
procesos metabdlicos, como la sintesis y el metabolismo de neurotransmisores (Agency for Toxic
Substances and Disease Registry, 2012; Santamaria y Sulsky, 2010). Algunos estudios
epidemioldgicos han evaluado la interaccion entre las concentraciones de As y Mn, pero no se
han localizado trabajos que hayan estudiado la posible interaccién con el metabolismo del As. En
un estudio transversal realizado en los EE. UU, los nifios y nifias que presentaron concentraciones
de As y Mn en cabello por encima de la mediana (14,1 ppm para As y 471,5 ppm para Mn)
obtuvieron puntuaciones mas bajas en la escala completa y en la escala del cociente de

inteligencia verbal (Wright et al., 2006). En un estudio longitudinal en Bangladesh, la exposicion
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prenatal a As potencid los efectos neurotdxicos de los niveles prenatales de Mn a los 24 meses
de edad (Valeri etal., 2017). Finalmente, en otro estudio previo del proyecto INMA, no se
encontré ninguna interaccién entre los niveles de Mn y As placentarios detectables sobre el
desarrollo neuropsicoldgico a los 4-5 afios de edad (Freire et al., 2018). Los resultados de los
estudios experimentales son también contradictorios. En el estudio de Andreade et al., (2017) se
encontré que la exposicién a una mezcla de Pb, Mn y As aumentaba la toxicidad de la actividad
motora en ratas, debido a una disminucién en la actividad de |la acetilcolinesterasa cerebral. Por
el contrario, en Biswas et al. (2019) se observé una relacién antagonista entre las concentraciones
de Mn y As y su asociacion con el aprendizaje y la memoria espacial en ratones(Biswas et al,,
2019). Los autores de esta investigacién sugirieron que el Mn podria prevenir la acumulacién de
As en el cerebro. Sin embargo, la evidencia actual no permite establecer cudl es la relacién entre
estos dos compuestos, por lo que se necesitan mas estudios que evalUen la modificacion del
efecto producida por el Mn en la relacion entre la exposicion a As y el impacto en el desarrollo

neuropsicolodgico durante la infancia.

6.1.9 Posibles mecanismos de neurotoxicidad por exposicién a Mny As

Se han descrito diferentes mecanismos involucrados en los efectos neurotéxicos del Mn. Por una
parte, el Mn se acumula en la mitocondria de neuronas y astrocitos de ciertas zonas del cerebro,
particularmente en el ganglio basal (especificamente en el globus pallidus). La acumulacion de
Mn puede producir inflamacién, disfuncion mitocondrial, estrés oxidativo y apoptosis de células
dopaminérgicas, provocando una alteracién en la neurotransmision dopaminérgica, lo que puede
llevar a una afectacién del comportamiento que incluye déficits cognitivos (por ejemplo, en la
funcién ejecutiva) y de la funcién motora (Balachandran et al., 2020; Miah et al., 2020; Pajarillo

et al, 2021).

Por otra parte, la exposicién de Mn parece provocar una desregulacién en las enzimas
relacionadas con la sintesis y metabolismo del glutation (GSH). Una disminucion de la forma
reducida de este tripéptido, con gran poder antioxidante, provocaria la produccién excesiva de
especies reactivas de oxigeno (ROS), induciendo estrés oxidativo, inflamacién y apoptosis
especialmente en el ganglio basal (Lucchini, Aschner, Kim, et al., 2015; Miah et al., 2020; Nyarko-

Danquah et al., 2020; Pajarillo et al., 2021).

Ademas, se ha observado que el estrés oxidativo causado por la exposicion a Mn podria provocar
cambios en la funcionalidad de la enzima ADN metiltransferasa, encargada de unir los grupos

metilo con el ADN, induciendo asi cambios en la metilacion del ADN (ljomone et al., 2020). Estos
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cambios epigenéticos podrian afectar la expresién de genes cruciales para el neurodesarrollo

(Salinas et al., 2020)

lgualmente, otro mecanismo de neurotoxicidad propuesto es la alteracidon de los sistemas de
neurotransmisores y su actividad en el cerebro. Un ejemplo es el efecto del Mn en el sistema
colinérgico del cerebro. El Mn tiene la capacidad de unirse al transportador de la colina
reduciendo asi su transferencia a través de la barrera hematoencefalica. El déficit de colina, un
componente clave necesario para la sintesis del neurotransmisor acetilcolina, podria contribuir
potencialmente a efectos adversos en funciones cognitivas como el aprendizaje y la memoria

(Balachandran et al., 2020; Pajarillo et al., 2021; Peres et al., 2016).

Por su parte, los mecanismos de neurotoxicidad del As y sus especies no estan todavia claros.
Uno de los mecanismos propuestos es el estrés oxidativo. La metilaciéon del As requiere del
consumo de grandes cantidades de GSH, provocando una disminucién de este antioxidante, lo
que lleva a la generacion de ROS. Estudios experimentales han observado que la exposicion
prenatal a As provoca una disminucién de GSH y un aumento en las concentraciones de ROS, que
se acumulan en ciertas dreas del sistema nervioso central, especificamente en la regién de la
corteza central, el hipocampo vy el cuerpo estriado (Chandravanshi et al., 2018; Luo y Shu, 2015;
Masjosthusmann et al., 2021; Mishra y Flora, 2008). La corteza prefrontal es una regién
relacionada con la memoria, la percepcién y otros procesos cognitivos (Siddiqui et al., 2008). Este
estrés oxidativo podria afectar a la funcidén mitocondrial, e inducir peroxidacion lipidica y
apoptosis en las células neuronales (Mochizuki, 2019). Concretamente, se ha descrito que la
funcién mitocondrial es especialmente importante en la neurogénesis del cerebro en desarrollo,
por lo que una perturbacidon en este sistema puede desencadenar efectos adversos en el

desarrollo de procesos cognitivos (Masjosthusmann et al., 2021).

Por otra parte, recientemente se ha descrito la intervenciéon de mecanismos epigenéticos en la
aparicion de efectos neurotodxicos debidos a una exposicion temprana a iAs (Bailey y Fry, 2014).
Concretamente, tanto la metilacion de ADN como la metilacién del iAs comparten el mismo
donante de grupos metilo, la SAM, por tanto, el metabolismo del iAs podria dar lugar a la
hipometilacién del ADN y los consecuentes cambios en la expresion génica. Sin embargo, estos
cambios no estan totalmente claros en la actualidad, ya que estudios experimentales han
observado hipo e hipermetilacion del ADN tras la exposicion prenatal a As, dependiendo del sexo

(Luo y Shu, 2015; Masjosthusmann et al., 2021).

Aunque la evidencia todavia es muy escasa, otros mecanismos que podrian intervenir en la
neurotoxicidad del iAs son la desregulacion de ciertos sistemas de neurotransmisores y la

disrupcién endocrina. Se ha observado que la exposicién a iAs provoca alteraciones en los
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sistemas dopaminérgico y colinérgico en ratas, ambos con importantes roles en la actividad
motora, el aprendizaje y la memoria (Chandravanshi et al., 2019; Chandravanshi et al., 2014). Por
otro lado, la exposicion a este téxico se ha asociado con una disrupcion en el eje hipotalamo-
hipdfisis-suprarrenal, incrementando la produccién de corticosteroides, relacionados con
respuestas neuroendocrinas y conductuales. También se ha encontrado evidencia de que el As
es un disruptor endocrino tiroideo, aunque la evidencia disponible es inconsistente (Sun et al,,
2016).
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6.2 LIMITACIONES Y FORTALEZAS

6.2.1 Limitaciones del estudio

El presente estudio presenta una serie de limitaciones que es necesario considerar:

Una limitacién a destacar es la pérdida en el seguimiento propia de los estudios de cohortes.
Esta pérdida en el seguimiento podria representar un sesgo en la estimacién de ciertas
asociaciones exposicion-resultado (sesgo de seleccion). En el Proyecto INMA se han realizado,
y se realizan, esfuerzos para minimizar las pérdidas de participantes, como por ejemplo, el
envio de boletines periddicos con resultados y consejos de salud, la pagina web dirigida a las
familias con diferente informacion sobre el proyecto, y el contacto con las familias para
informar de resultados en las evaluaciones que requieran asistencia o seguimiento clinico,
entre otros. Estas acciones han dado como resultado una baja tasa de pérdidas a lo largo del
tiempo de seguimiento que comprenden los trabajos presentados (Guxens et al., 2012). Sin
embargo, se observa una mayor participacion de familias con un perfil socioecondmico mas
privilegiado, lo que podria afectar a la representatividad del estudio. En todo caso, en los
estudios que componen esta tesis se han realizado diferentes analisis para explorar cualquier
diferencia entre la poblacion incluida y no incluida, y se ha tenido en cuenta esta informacion

en la interpretacion de los resultados.

Otra de las limitaciones del estudio ha sido la evaluacion de las exposiciones (Mn y As prenatal)
en una medicidn Unica durante el embarazo. Por una parte, esta evaluacion puntual a través
de los biomarcadores elegidos (Mn sérico y As urinario) podria reflejar Unicamente
exposiciones a corto plazo. Por otra parte, se ha sugerido que las concentraciones de ambos
compuestos varian a lo largo del embarazo, incrementdndose los niveles de Mn, que también
se ha descrito para la eficiencia del metabolismo del As hacia el final de este periodo (Gao

et al., 2019; Gardner et al., 2011; Spencer, 1999; Takser et al., 2004).

Junto a lo anterior, este estudio carece de evaluacidén de la exposicién postnatal de ambos
compuestos. La vulnerabilidad del sistema nervioso central se extiende desde el inicio del
embarazo hasta la adolescencia. Esto quiere decir que tanto la exposiciéon durante el periodo
prenatal como el postnatal a Mn y As podria afectar el desarrollo neuropsicolégico durante la

infancia. No obstante, gracias a los seguimientos realizados a los participantes del proyecto
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INMA, es posible que en futuras investigaciones se pueda tener en cuenta la exposicion

postnatal a estos compuestos a lo largo de la infancia.

Algunas covariables y variables confusoras presentaron datos perdidos, lo que ha podido llevar
a una pérdida de potencia estadistica cuando estas variables se incluyeron en los modelos

finales.

En el articulo Il se realizaron multiples andlisis, especialmente cuando se evalud la
modificacion de efecto incluyendo el término de interaccién en los modelos. Esto podria llevar
a posibles asociaciones significativas por azar. Sin embargo, estos analisis se refieren a
diferentes compuestos con caracteristicas particulares y diferentes variables resultado que
describen dimensiones especificas del neurodesarrollo, por lo que se consideran
independientes. No obstante, en el articulo Unicamente se discutieron los resultados que

obtuvieron un p valor <0,01.

Aungue en este estudio se han analizado como covariables y factores de confusién multiples
variables sociodemograficas, clinicas, dietéticas y de estilos de vida, asi como otros
compuestos, existe falta de informacion sobre otras variables que podrian influir en el
desarrollo cognitivo (como el entorno familiar de crecimiento postnatal) y la relacion entre la
metilacion del As, la exposicion a As y a Mn. Esto hace que no sea posible descartar la
posibilidad de confusién residual en las relaciones entre las exposiciones y los resultados del

desarrollo neuropsicologico.

De manera similar, aunque en los trabajos sobre As se ha evaluado la influencia de ciertos
nutrientes relacionados con el metabolismo de un carbono (vitaminas Bg y Bi,, folato), otros
no han podido ser analizados, como la colina, metionina y betaina. Es posible que en el futuro
se puedan realizar estimaciones de estos nutrientes gracias a la informacién dietética

disponible, o mediciones directas de las concentraciones de los mismos.

Finalmente, en la presente tesis tampoco se ha evaluado la influencia de factores genéticos
en el metabolismo del As, nitampoco en la relacidon entre las exposiciones y el neurodesarrollo
infantil. Existe evidencia que los factores genéticos tienen un efecto sobre los mecanismos
toxicocinéticos y de neurotoxicidad de ambos compuestos (Broberg et al., 2015) Actualmente
y relacionado con la estancia realizada en la Universidad de Gotemburgo, se esta llevando a
cabo un estudio para evaluar la influencia de ciertos polimorfismos genéticos en el
metabolismo del arsénico y su posible neurotoxicidad en los nifios y nifias participantes en la

cohorte.
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6.2.2 Fortalezas del estudio

Por otro lado, este estudio cuenta con fortalezas importantes:

e El disefio prospectivo de la cohorte INMA ha permitido realizar un seguimiento longitudinal
durante el embarazo y la primera infancia, lo que supone diversas ventajas. Por una parte,
este disefio ha permitido evaluar las exposiciones de manera previa a los posibles efectos,
siendo esta relacion temporal uno de los criterios para establecer una relacién causa-efecto.
Ademas, se ha podido obtener una amplia variedad de informacion sobre las caracteristicas
de los participantes, estilos de vida, variables dietéticas y niveles de otros metales y elementos
esenciales, que pueden actuar como confusores o modificadores de efecto en la relacion entre

las exposiciones y el desarrollo neuropsicolégico.

e Otrade las ventajas de este estudio es que se ha evaluado la exposicion en las primeras etapas
del embarazo, lo que permite evaluar el papel de exposiciones durante etapas tempranas del
desarrollo. Ademas, la evaluacion del desarrollo neuropsicoldgico a lo largo de la infancia y

hasta la adolescencia, permitird identificar efectos a largo plazo o persistencia de los mismos.

e Ademas, se debe destacar el gran tamafio muestral de los estudios incluidos en la tesis. Esto

ha permitido aumentar la potencia estadistica de los analisis.

e Otrade las fortalezas de la presente investigacién es su caracter multicéntrico. La inclusion de
participantes de dos dreas con caracteristicas sociodemograficas, ambientales y de estilos de
vida heterogéneas permite que los resultados puedan ser mas generalizables a la poblacién

general.

e |a determinacion de las especies del As ha permitido evaluar los factores asociados a cada
uno de los metabolitos del As de manera especifica. Esto permite dar una idea de las fuentes
de exposicién de cada especie de As de manera individual en nuestra poblacidn. Igualmente,
la especiacion del As también ha permitido evaluar el efecto de las concentraciones de cada
metabolito en concreto. De hecho, hasta donde sabemos, en esta tesis se incluye el primer
estudio que analiza el efecto individual de la exposicidon prenatal a cada especie de As en el

desarrollo neuropsicoldgico en la infancia.

e En este estudio, ademads de la exposicidn a las diferentes especies de As, se ha estudiado el
proceso intermedio de metilacion de este compuesto, asi como su relacién con el desarrollo
neuropsicolédgico en la infancia. Ademas, la eficiencia en la metilacion del As se ha evaluado

desde diferentes aproximaciones, lo que permite la comparabilidad con estudios previos. De
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la misma manera que en el punto anterior, hasta donde hemos encontrado, el articulo Il de la
presente tesis es el primer estudio que ha evaluado la relacién entre la eficiencia en la

metilacion materna durante el embarazo y el desarrollo neuropsicoldgico en la infancia.

Finalmente, debido a las caracteristicas propias de nuestra poblacidn, en la que se observa un
consumo alto de pescado, se ha usado el método de calibracion de los diferentes metabolitos
del As propuesto por Jones et al.,, (2016) con el propdsito de minimizar la influencia de las
especies orgdnicas de As presentes en el pescado, y consideradas no téxicas. No obstante, se
ha realizado un andlisis de sensibilidad usando como variables de exposicion los porcentajes

de los metabolitos sin calibrar, asi como ajustando el modelo por el consumo de pescado.
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6.3 IMPLICACIONES EN SALUD PUBLICA
Y POLITICAS SANITARIAS

Como se ha comentado anteriormente, la etapa prenatal supone un periodo de alta
vulnerabilidad a la exposicion a sustancias téxicas o a niveles inadecuados de elementos
esenciales. Los cambios que se producen durante este periodo, asi como en el periodo postnatal
temprano, pueden llevar a una mayor susceptibilidad a padecer efectos adversos durante la
infancia y la edad adulta (Grandjean et al., 2019). Por ello, esta etapa supone una oportunidad
especialmente importante para poner en marcha intervenciones de proteccién, prevencion y
promocion de la salud (Britto etal., 2017). No obstante, es necesario seguir acumulando
evidencia sobre los posibles efectos en salud debido a estas exposiciones, lo que permitirad el
establecimiento de niveles de referencia y recomendaciones contextualizadas a cada region,

incluidas zonas con baja exposicidon a estos compuestos.

Los resultados derivados de la presente tesis aportan evidencia sobre los efectos en el desarrollo
neuropsicoldgico infantil asociados a la exposicidn a niveles concretos de Mn y de las distintas
especies de As. Aunqgue las concentraciones de Mn en suero materno en nuestro estudio no se
asociaron con el neurodesarrollo al afio de edad, si que hemos encontrado que las
concentraciones urinarias de MMA tuvieron un efecto negativo en diversas escalas del desarrollo
neuropsicoldgico a los 4-5 aflos. Estos resultados indican que se debe seguir trabajando en la
monitorizacion del As, asi como sus diferentes especies, y en el desarrollo de acciones que
permitan prevenir y/o limitar su exposiciéon durante esta etapa vulnerable (recomendaciones
dietéticas, control de alimentosy agua, control de las industrias, entre otras). Igualmente, se debe
continuar analizando los efectos de estas exposiciones prenatales sobre el neurodesarrollo
infantil durante la infancia y la adolescencia, para evaluar la persistencia de los efectos negativos

o la posible aparicidn de efectos adversos retardados en edades mas avanzadas.

Respecto a los niveles, nuestra poblacion de estudio presentd concentraciones de As total mas
bajas que las observadas en zonas con altos niveles de iAs en agua, sin embargo, las de MMA vy
iAs fueron mas altas que en otras zonas con niveles a iAs en agua similares a la nuestra. Este
resultado muestra que la exposicion a iAs, asi como a otras especies intermedias, a través de la
dieta deberia ser evaluada, especialmente en etapas vulnerables, como durante el embarazoy la

infancia. En el afio 2021, la Autoridad Europea de Seguridad Alimentaria (EFSA) publicd un
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informe donde se describia la exposicién alimentaria crénica a iAs en poblacion europea,
estimando que la exposicion alimentaria a este compuesto en mujeres embarazadas variaba de
media de 0,04 a 0,14 pg/kg de peso al dia (European Food Safety Authority et al., 2021). A dia de
hoy no se ha establecido un nivel de referencia de ingesta tolerable. En el 2009, la EFSA propuso
un rango de valores del limite inferior de confianza de la dosis de referencia (BMDLO1) entre 0,3
y 8 ug/kg de peso corporal/dia (European Food Safety Authority, 2009). No obstante, en el mismo
informe se estimd que la exposicion en consumidores promedio y altos se sitla muy cerca o
incluso dentro del rango de la BMDLO1, por lo que no se puede descartar riesgo para la salud
(European Food Safety Authority, 2009; European Food Safety Authority et al., 2021). Respecto
al Mn, la EFSA propuso en el afio 2013 una ingesta adecuada de Mn de 3 mg al dia en poblacién
general y mujeres embarazadas y lactantes (EFSA Panel on Dietetic Products Nutrition and
Allergies, 2013), aunque debido a la falta de evidencia, este organismo no pudo establecer una
ingesta superior tolerable. Por su parte, el Institute of Medicine establecid una ingesta diaria
tolerable no superior a 11 mg, aunque esta recomendacion no se ha revisado en mds de quince
afios (Institute of Medicine, 2006). La acumulacién de evidencia sobre efectos en salud es

necesaria para la reevaluacion de estas recomendaciones.

Finalmente, la evaluacion de factores relacionados con la exposicién a Mn y cada una de las
especies de As, asi como los asociados a la eficiencia en la metilacién del As posibilita identificar
grupos vulnerables a la exposicién. Esta informacién podria servir para establecer acciones de
salud publica dirigidas a estos subgrupos. Ademads, este andlisis también permite identificar cudles
son los alimentos que mas contribuyen a la exposicion de estos compuestos en nuestra poblacién.
Esta informacién puede servir de base para la evaluacidon de los niveles de estos compuestos en
productos alimentarios especificos, asi como establecer politicas encaminadas a la reduccion de

la exposicién y la proteccién de la salud de la poblacién general.
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6.4 FUTURAS INVESTIGACIONES

La evaluacién de la exposicion a contaminantes y otros elementos esenciales durante periodos
vulnerables y sus efectos sobre la salud infantil es un tema complejo que cuenta alin con muchas
cuestiones sin resolver. La generacién de informacién y evidencia ayudard a realizar
intervenciones especificas de prevencion, proteccién y promocion de la salud, asi como
desarrollar legislaciones que disminuyan la exposicion a téxicos durante etapas vulnerables, y a

lo largo de la vida, generando ambientes mas saludables para la poblacién.

En este sentido, el Proyecto INMA dispone de informacion longitudinal y de alta calidad que
permite generar conocimiento sobre la exposicion a estos compuestos, tanto en la etapa prenatal
como postnatal. Durante cerca de veinte afios se han realizado seguimientos periédicos a las
familias participantes en el proyecto, por lo que se podria evaluar los niveles de Mn y de As, asi
como sus especies, desde la infancia temprana hasta la adolescencia, estudiando distintos
factores, dietéticos, sociodemograficos y otros, relacionados con dichas exposiciones. Ademas, a
lo largo del seguimiento, en diferentes momentos de la infancia, se han recogido muestras
bioldgicas (entre ellas, orina a los 4, 7, 9 y 15 afios), lo que permitira evaluar la eficiencia en la
metilacion del As en la etapa postnatal de manera longitudinal, obteniendo informacién sobre los

factores que se asocian a este proceso de biotransformacion.

lgualmente, debido al cardcter longitudinal del proyecto INMA vy gracias a la participacién de las
familias de las que se dispone informacién desde los primeros estadios del embarazo, es posible
estudiar cual es el impacto de las exposiciones tempranas a estos compuestos a lo largo de la
vida. Las cohortes de nacimiento suponen una de las mejores oportunidades para poder estudiar
la relacion entre el ambiente durante etapas tempranas del desarrollo y los efectos en salud a
largo plazo, tal y como postula la hipdtesis de los origenes de la salud y enfermedad en el
desarrollo (DOHaD). En este sentido, ademas de posibles efectos en salud relacionados con la
exposicion temprana a As y Mn, también se podran explorar diversos mecanismos de accion,
como cambios epigenéticos (longitud de telémero, metilacién del ADN), marcadores de estrés

oxidativo e inflamacidn, asi como la permanencia de los posibles cambios.

Por otra parte, existe evidencia de que los factores genéticos juegan un papel importante en la
toxicocinética y neurotoxicidad de ambos compuestos, y, en consecuencia, en la vulnerabilidad
a la exposicion (Broberg et al., 2015). Siguiendo esta linea de investigacion, actualmente estd en

marcha la investigacién de la influencia de ciertos polimorfismos genéticos en la eficiencia en la
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metilacion del As durante el embarazo. Por otro lado, también se pretende evaluar la influencia
de la genética en la asociacion entre la exposicion prenatal al As (total y sus diferentes
metabolitos) y el desarrollo neuropsicolégico infantil. En un futuro se podria investigar la
influencia de la genética sobre el metabolismo del Mn y su asociacién con el desarrollo

neuropsicoldgico infantil.

La exposicidon a estos compuestos podria tener otros efectos sobre la salud infantil. Durante las
visitas de seguimiento se han evaluado diferentes aspectos relacionados con la salud a lo largo
de la infancia y la adolescencia (antropometria, desarrollo sexual, presion arterial, salud
respiratoria etc). Esto permitird ampliar la evaluacién de los posibles efectos en la salud asociados
a la exposicién prenatal a Mn y As, durante estos periodos. De hecho, siguiendo esta linea, ya se
estan desarrollando diversas investigaciones que tratan de obtener evidencia sobre la relacién de

la exposicién prenatal a As y efectos en la salud respiratoria infantil.

Finalmente, cabe destacar que los mecanismos toxicos de estos compuestos son complejos
(formas de relacion no lineales, exposiciones multiples e interaccion entre compuestos, efectos
retardados, etc) y no estan totalmente entendidos en la actualidad. Ademas, los efectos en salud
dependen también de la interaccion entre distintos elementos, tanto téxicos como esenciales.
Como hemos observado en los resultados de la presente tesis, parece que el Mn modifica la
relacion entre el metabolismo del As y el neurodesarrollo. Todo esto hace necesario seguir
estudiando la intrincada relacién entre distintos compuestos con la salud y el desarrollo a lo largo
de la vida. En el proyecto INMA se han evaluado numerosos metales téxicos y esenciales en
diferentes biomarcadores y momentos (embarazo, varios momentos durante la infancia, y se
prevé analizarlos también en la adolescencia). Esto permitird seguir estudiando y aportando

informacidn sobre la interaccidon entre distintos compuestos y sus efectos en salud.
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CONCLUSIONES

Relacionado con la exposicién prenatal a Mn, As y sus metabolitos y factores asociados a la
exposicion:
e las concentraciones de Mn en suero durante el primer trimestre del embarazo en nuestra

poblacion de estudio fueron mas bajas que las observadas en otros estudios.

e FE| factor dietético que se asocid a las concentraciones prenatales de Mn en suero fue el

consumo de frutos secos.

e Las madres trabajadoras presentaron menores concentraciones de Mn en suero.

e Las concentraciones de As total en orina, asi como sus diferentes especies durante el primer
trimestre del embarazo, en nuestra poblacién fueron considerablemente menores que las
observadas en areas con niveles altos de As en el ambiente. No obstante, las concentraciones
de MMA, iAs y AB fueron mayores que las observadas en areas con bajo nivel de exposicion a

este compuesto.

e En relacion con los factores asociados a la exposicién a As, el consumo de arroz durante el
embarazo se asocid con un aumento en las concentraciones urinarias de As total, >As, DMA,
MMA e iAs. Por otra parte, el consumo de pescado se asocid positivamente con las
concentraciones de todos los metabolitos evaluados exceptuando el MMA y el iAs. El consumo
de carne roja, legumbres y vegetales también se relaciond con las concentraciones urinarias

de diferentes metabolitos de As durante el primer trimestre del embarazo.

e |as mujeres pertenecientes a la cohorte de Valencia presentaron concentraciones urinarias
de iAs y MMA mayores que las mujeres de la cohorte de Gipuzkoa. Las mujeres que habian
nacido en Latinoamérica presentaron concentraciones mas bajas de AB. Por su parte,
pertenecer a una clase social mdas baja se asocid con mayores niveles de MMA en orina.

Finalmente, el IMC se relaciond de manera inversa con las concentraciones de MMA e iAs.
Relacionado con la eficiencia en la metilacién del As durante el embarazo y los factores asociados
a dicha eficiencia:

e las mujeres embarazadas de nuestro estudio presentaron una mayor eficiencia en la
metilacidn de As, indicado por un mayor %DMA, y menores %MMA y %iAs, que los observados

en otros estudios que evaluaron dicha eficiencia durante el embarazo.
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Las mujeres pertenecientes a la cohorte de Gipuzkoa, nacidas en Latinoamérica, con mayor
IMC pregestacional y no fumadoras presentaron una mayor eficiencia en la metilacién del As
durante el primer trimestre del embarazo. Asi mismo, la edad gestacional se relaciond

inversamente con el %MMA.

En nuestro estudio no encontramos ninguna asociacion entre la eficiencia de metilacién de
As y la ingesta estimada de nutrientes relacionados con el metabolismo de 1 carbono. No
obstante, la ingesta estimada de hierro y zinc, asi como las concentraciones urinarias de

cadmio se relacionaron con una menor eficiencia en la metilacion del As.

Relacionado con la exposicion prenatal a Mn, As y sus metabolitos y el desarrollo

neuropsicolégico durante la infancia:

En el presente trabajo no se encontrd ninguna asociacion entre la exposicién prenatal a Mn,
evaluada a través de las concentraciones maternas de Mn en suero durante el primer
trimestre del embarazo, y el desarrollo mental y psicomotor de los niflos y nifias al afio de
edad. Tampoco se observé una relacién no lineal ni modificacién del efecto debido al estado

férrico de la madre o al sexo del nifo.

Las concentraciones urinarias de MMA evaluadas en el primer trimestre del embarazo se
relacionaron de manera negativa con las subescalas general, numérica, de memoria, de
memoria de trabajo, y de funcién ejecutiva de la prueba McCarthy de aptitudes vy
psicomotricidad para nifios y nifias, evaluado a los 4-5 afios de edad. Sin embargo, la magnitud

del efecto observada fue pequefia.

También se ha observado una relacién positiva entre las concentraciones prenatales de TAs y
AB con la subescala verbal de la prueba McCarthy de aptitudes y psicomotricidad para nifios

y nifias, evaluado a los 4-5 afios de edad.

Relacionado con el metabolismo del As y el desarrollo neuropsicoldgico durante la infancia:

Se ha encontrado evidencia de una relacién inversa entre el %MMA prenatal y la funcién de
la memoria a los 4-5 afios de edad. Por otra parte, un mayor %iAs se relaciond positivamente

con la subescala de motricidad gruesa.

La asociacién entre la eficiencia en la metilacidon del As y el desarrollo neuropsicoldgico de los
nifios y nifias a los 4-5 afios parece estar influenciada por las concentraciones maternas de
algunos nutrientes y elementos. Asi, los nifios y nifias cuyas madres presentaron niveles mas
bajos de Zn en orina y ferritina sérica durante el embarazo obtuvieron peores puntuaciones

con una eficiencia en la metilacion del As decreciente.
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Relacionado con la interaccién entre la eficiencia en la metilaciéon del As y Mn y efectos en el

neurodesarrollo durante la infancia:

En el presente trabajo se ha observado una interaccion entre la eficiencia en la metilacién del
As y los niveles de Mn en suero materno. Los nifios y nifias cuyas madres presentaron una
menor eficiencia en la metilacién de As (denotado por mayor %iAs) y concentraciones mas
altas de Mn (=1,44 ug / L) obtuvieron puntuaciones mayores en las escalas de rendimiento

perceptivo, motricidad gruesa y motora fina.

La evidencia de la relacion entre la exposicion prenatal a estos compuestos y el efecto téxico
sobre el desarrollo neuropsicoldgico en la infancia es todavia no concluyente. Aunque
nuestros resultados sugieren un efecto téxico de las concentraciones prenatales de MMA
sobre el desarrollo neuropsicoldgico, la complejidad de la propia exposicion y el metabolismo
de este compuesto, asi como la interaccion con otros elementos y variables, hace que estos

resultados deban tomarse con cautela.

Se necesitan mas estudios epidemiolégicos en poblaciones expuestas a bajos niveles
ambientales de As y Mn, como la del presente trabajo, para mejorar el conocimiento sobre el
impacto en salud de la exposicidn a estos compuestos durante periodos criticos, como en el
desarrollo prenatal y la infancia. Ademas, futuros trabajos también ayudardn a aumentar la
evidencia sobre los factores que pueden afectar al metabolismo de ambos elementos. En
combinacién con estudios epidemioldgicos bien disefiados, existe la necesidad de seguir
investigando sobre el mecanismo de la neurotoxicidad tanto del As como del Mn. En conjunto,
este conocimiento podria utilizarse para proponer nuevas recomendaciones y estrategias de

salud publica.
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CONCLUSIONS

With regard to prenatal exposure to Mn, As and its metabolites and factors associated with

exposure:

e Serum Mn concentrations during the first trimester of pregnancy were lower in our study

population than those observed in other studies.

e The dietary factors that were associated with prenatal serum Mn concentrations were

consumption of nuts.
e Working mothers had lower serum Mn concentrations.

e Inour population the concentrations of total As in urine, as well as its different species during
the first trimester of pregnancy, were considerably lower than those observed in areas with
high levels of As in the environment. However, MMA, iAs and AB concentrations were higher

than those observed in areas with low As exposure.

e Concerning factors associated with As exposure, rice consumption during pregnancy was
associated with increased urinary concentrations of total As, SAs, DMA, MMA and iAs.
Similarly, fish consumption was positively associated with concentrations of all metabolites
assessed except MMA and iAs. Consumption of red meat, legumes and vegetables was also
associated with urinary concentrations of different As metabolites during the first trimester of

pregnancy.

e The women in the Valencia cohort had higher urinary concentrations of iAs and MMA than
those in the Gipuzkoa cohort. Women born in Latin America had lower AB concentrations. In
addition, belonging to a lower social class was associated with higher urinary MMA levels.

Finally, BMI was inversely related to MMA and iAs concentrations.

With regard to As methylation efficiency during pregnancy and the factors associated with this

efficiency:

e Pregnant women in our study had a higher As methylation efficiency, indicated by higher
%DMA, and lower %MMA and %iAs than those observed in other studies assessing As

methylation efficiency during pregnancy.
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Women belonging to the Gipuzkoa cohort, born in Latin America, with a higher pregestational
BMI and non-smokers had a higher As methylation efficiency during the first trimester of

pregnancy. Likewise, gestational age was inversely related to %MMA.

In our study we found no association between As methylation efficiency and estimated intake
of nutrients related to 1-carbon metabolism. However, estimated iron and zinc intakes as well

as urinary cadmium concentrations were associated with lower As methylation efficiency.

With regard to prenatal exposure to Mn, As and its metabolites and neuropsychological

development during childhood:

In the present study, no association was found between prenatal Mn exposure, as assessed
by maternal serum Mn concentrations during the first trimester of pregnancy, and the
children’s mental and psychomotor development at one year of age. There was also non- lineal

relation and effect modification due to maternal iron status or the child's sex.

Urinary MMA concentrations assessed in the first trimester of pregnancy were negatively
related to the general, numerical, memory, working memory, and executive function
subscales of the McCarthy test of children's abilities and psychomotor skills, assessed at 4-5

years of age, although the magnitude of the observed effect was small.

A positive relationship was also observed between prenatal TAs and AB concentrations and
the verbal subscale of the McCarthy test of children's abilities and psychomotor skills, assessed

at 4-5 years of age.

With regard to As metabolism and neuropsychological development during childhood:

Evidence has been found of an inverse relationship between prenatal %sMMA and memory
function at 4-5 years of age. Moreover, a higher %iAs was positively related to the gross motor

subscale.

The association between As methylation efficiency and children's neuropsychological
development at 4-5 years of age seems to be influenced by maternal concentrations of certain
nutrients and elements. Thus, children whose mothers had lower levels of urinary Zn and

serum ferritin during pregnancy scored worse with a decreasing As methylation efficiency.
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With regard to the interaction between As methylation efficiency and Mn and effects on

neurodevelopment during childhood:

In the present study, an interaction between As methylation efficiency and maternal serum
Mn levels was observed. Children whose mothers had a lower As methylation efficiency
(denoted by higher %iAs and %MMA) and lower Mn concentrations presented lower scores
on perceptual, gross motor and fine motor performance scales.

The evidence of the relationship between prenatal exposure to these compounds and the
toxic effect on neuropsychological development in childhood is still inconclusive. Although our
results suggest a toxic effect of prenatal MMA concentrations on neuropsychological
development, the complexity of the exposure itself and the metabolism of this compound, as
well as the interaction with other elements and variables, mean that these results should be

taken with caution.

Further epidemiological studies in populations exposed to low environmental levels of As and
Mn, like the one used in the present study, are needed to improve knowledge on the health
impact of exposure to these compounds during critical periods, such as prenatal development
and childhood. In addition, future work will also help to increase the evidence on the factors
that may affect the metabolism of the two elements. In combination with well-designed
epidemiological studies, there is a need for further research on the mechanism of
neurotoxicity of both As and Mn. Taken together, this knowledge could be used to propose

new public health recommendations and strategies.
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Table S1: Differences between included and non-included population in the study. INMA Project
(Valencia and Gipuzkoa, Spain, 2004-2008).

Included Population Non-included Population
(n=1179) (n=220)
N* (%) N* (%) p’
Area of study
Gipuzkoa 534 (45) 78 (35) <0.01
Valencia 645 (55) 142 (65)
Gestational age at sampling 13.0 (1.2)* 13.8 (1.3) <0.013
Maternal age (years)
<25 77 (7) 26 (12) <0.01
25-29 382(32) 84 (38)
30-34 527 (45) 72 (33)
>35 193 (16) 38(17)
Maternal country of birth
Spain 1082 (92) 199 (90) 0.61
Others 97 (8) 21 (10)
BMI before pregnancy (Kg/m?)
Healthy (18.5—-<25) 844 (72) 154 (70) 0.15
Low weight (<18.5) 45 (4) 14 (6)
Overweight (25—-<30) 207 (18) 31 (14)
Obese (>30) 83 (7) 20(9)
Parity
0 656 (56) 108 (49) 0.09
21 523 (44) 112 (51)
Parental social class
1+11 (high) 393(33) 47 (21) <0.01
1 293 (25) 54 (25)
IV+V (low) 493 (42) 119 (54)
Maternal educational level
Up to primary 272 (23) 76 (44) <0.01
Secondary 471 (40) 81 (41)
University 434 (37) 63 (15)
Area of residence
Urban/Metropolitan 370(31) 55 (25) 0.07
Semi-urban/Rural 809 (69) 165 (75)
Maternal smoking habit until 12 wg
No 942 (81) 159 (77) 0.21
Yes 223 (19) 48 (23)
Maternal ferritin serum at 12 wg (pug/L)
215 mg/L 209 (19) 36 (19) 0.87
<15 mg/L 870 (81) 158 (81)

1 Missing values for some variables not included in percentages: Gestational age at sampling in non-included population (145),
maternal education level (2 in included population), maternal smoking habit until 12 wg (3 in non-included population, 14 in
included population), maternal ferritin serum at 12 wg (26 in non-included population, 100 in included population).

2 p-value from Chi-squared test: 3 p-value from t-test; * Mean (standard deviation); N: sample size; BMI: Body mass index; wg:

weeks of gestation.
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Table S2: Multivariate linear regression analysis between maternal Mn levels and child neuropsychological
development assessed by Bayley Scores at 1 year old stratified by child sex and maternal ferritin status. INMA
Project, Spain

Mental scale Psychomotor scale
beta 95%Cl Pinteraction beta 95%Cl Pinteraction
Child’s Boys -0.06 -3.71 3.58 -2.05 -5.44 1.34
0.81 0.39
Sex .
Girls -0.53 -3.54 2.49 -0.05 -3.13 3.02
Maternal Ferritin<15 -1.16 -6.91 4.60 -1.83 -4.45 0.80
. 0.76 0.08
ferritinstatus ¢ iins1s .020  -2.85 246 348 238 934

Maternal serum Mn concentrations were log2 transformed.

All models adjusted for children’s age at evaluation, psychologist, area of study (Gipuzkoa/ Valencia), child’s sex (except
models stratified by child’s sex) and consumption of nuts at first trimester of pregnancy.

Mental scale model additionally adjusted for maternal age and body mass index before pregnancy.

Psychomotor scale model additionally adjusted for parental social class, maternal educational level and paternal age.
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Figure S1: Association between maternal serum Mn at first trimester of pregnancy and the mental and
psychomotor scales assessed by the Bayley Scores of Infant Development at 12 months of age stratified by
child’s sex and maternal ferritin status.
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Both models adjusted for children’s age at evaluation, psychologist, area of study, child’s sex (except models stratified by
child’s sex) and consumption of nuts at first trimester of pregnancy. Mental scale model additionally adjusted for
maternal age and body mass index before pregnancy. Psychomotor scale model additionally adjusted for parental social
class, maternal educational level and paternal age.
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Table S3: Sensitivity analysis. Multivariate linear regression analysis between maternal Mn levels and child
neuropsychological development assessed by Bayley Scores at 1 year old, excluding certain population
subgroups. INMA Project, Spain

Mental scale Psychomotor scale
beta 95%Cl p! beta 95%Cl p!
Model 1 -0.39 -2.73 195 0.74 -0.92 -3.48 1.65 0.43
Excluding preterm birth (n=48) -0.33 -2.65 1.99 0.78 -0.65 -295 1.66 0.58
Excluding low birth weight (n=55) -0.55 -2.87 1.77 0.64 -0.77 -3.06 1.52 0.51
Excluding children with an underlying pathology (n=16) -0.41 -2.74 1.91 0.73 -0.44 -266 1.78 0.70
Excluding uncertain quality of test (n=85) -0.27 -2.59 2.05 0.82 -0.77 -3.10 1.56 0.52
Excluding extreme outlier (n=1) -0.73 -3.12 1.66 0.55 -1.52 -3.85 0.81 0.20
Model 2 -0.04 -2.83 2.01 0.74 -0.96 -3.72 180 043
Excluding preterm birth (n=48) -0.29 -2.71 2.13 0.381 -0.69 -3.14 176 0.58
Excluding low birth weight (n=55) -0.46 -2.88 1.96 0.71 -0.76 -3.20 1.67 0.54
Excluding children with an underlying pathology (n=16) -0.35 -2.76 2.06 0.78 -0.33 -270 2.03 0.78
Excluding uncertain quality of test (n=85) -0.48 -2.90 195 0.70 -0.92 -3.40 155 0.6
Excluding extreme outlier (n=1) -0.78 -3.26 1.71 0.54 -1.60 -4.08 0.87 0.20
Model 3 -0.30 -2.64 2.04 0.80 -0.07 -0.17 0.03 051
Excluding preterm birth (n=48) -0.25 -2.58 2.08 0.83 -0.48 -279 183 0.68
Excluding low birth weight (n=55) -0.46 -2.79 1.87 0.70 -0.61 -291 1.69 0.60
Excluding children with an underlying pathology (n=16) -0.31 -2.64 2.02 0.79 -0.25 -248 199 0.83
Excluding uncertain quality of test (n=85) -0.22 -2.55 2.11 0.85 -0.64 -298 170 0.59
Excluding extreme outlier (n=1) -0.64 -3.04 1.76 0.60 -1.37 -3.71 097 0.25

Maternal serum Mn concentrations were log2 transformed.

Model 1: All models adjusted for children’s age at evaluation, psychologist, area of study, child’s sex and consumption
of nuts at first trimester of pregnancy.

Mental scale model additionally adjusted for maternal age and body mass index before pregnancy.

Psychomotor scale model additionally adjusted for parental social class, maternal educational level and paternal age.
Model 2: model 1 + maternal serum ferritin (log2 transformed) at first trimester of pregnancy.

Model 3: model 1 + maternal serum selenium at first trimester of pregnancy.

1p-value from ANOVA F- test
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Table S3: Bivariate linear regression between methylation efficiency (measured by calibrated! percentage of As
metabolites in maternal urine and principal component 1 and 2 of PCA) and estimated nutrients intake (adjusted by

calories) and essential and toxics elements factors. INMA Project (Valencia and Gipuzkoa, Spain, 2003-2008).

Table S4 Dietary intake variables (energy adjusted) during the first trimester of pregnancy by study area. INMA Project
(Valencia and Gipuzkoa, Spain, 2003-2008).

174



Table S1: Socio-demographic and environmental characteristics of study participants, and differences between

included and excluded population in the study. INMA Project (Valencia and Gipuzkoa, Spain, 2003-2008).

Included Population

Excluded-Population

(n=1017)° (n=448)
N (%) Na (%) p°
Area of study
Gipuzkoa 417 (41.0) 221 (49) <0.01
Valencia 600 (59.0) 227 (51)
Gestational age at sampling 12.7 (12.3, 13.4)¢ 13.0(12.3, 13.7)¢ 0.03
Age (years)
<25 67 (7) 49 (11) 0.04
25-29 336 (33) 148 (33)
30-34 443 (44) 181 (40)
>35 171 (17) 70 (16)
Country of birth
Spain 940 (92) 398 (89) 0.02
Others 77 (8) 50(11)
BMI before pregnancy (Kg/m?)
<25 772 (76) 329 (74) 0.59
25- <30 (Overweight) 169 (17) 84 (19)
> 30 (Obesity) 76 (7) 33(7)
Parity
0 557 (55) 246 (55) 1.00
>1 460(45) 202 (45)
Parental social class
[+1I (high) 345 (34) 113 (25) <0.01
Il 263 (26) 92 (21)
IV+V (low) 409 (40) 243 (54)
Educational level
Up to primary 229 (23) 145 (32) <0.001
Secondary 407 (40) 176 (39)
University 379 (37) 127 (28)
Area of residence
Non- rural 958 (94) 409 (93) 0.16
Rural 56 (6) 33(7)
Proximity to agricultural area
No 615 (61) 243 (64) 0.62
Yes 391 (39) 139 (36)
Proximity to industrial area
No 673 (67) 226 (70) 0.36
Yes 333 (33) 116 (30)
Tobacco consumption
No 820 (82) 292 (77) 0.05
Yes 185 (18) 88 (23)
Alcohol consumption
No 876 (87) 363 (83) 0.08
Yes 135 (13) 74 (17)
Rice consumption
<1 serving at week 495 (49) 230 (53) 0.54
> 1 serving at week 516 (51) 207 (47)
Fish consumption (grams/day) 63.1(42.3,87.4)¢ 57.1(39.3,79.6)¢ <0.01
Vitamins supplements intake
Yes 975 (96) 417 (93) 0.05
No 42 (4) 31(7)
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Vitamin Bg intaked

< 1.8 mg/ day

> 1.8 mg/ day
Vitamin B1; intaked

<45 mg/day

> 4.5 mg/ day
Folate and acid folic intaked

<600 pg/day

> 600 pg/day
Zinc intaked

<1.6 mg/day

>1.6 mg/day
Iron intaked

<16 mg/day

>16 mg/day
Maternal ferritin serum

<15 mg/L

>15 mg/L

227 (22)
784 (78)

23 (2)
988 (98)

163 (16)
848 (84)

0(0)
1011 (100)

49 (5)
961 (95)

159 (17)
758 (83)

112 (26)
324 (74)

10(2)
426 (98)

76 (17)
360 (83)

0(0)
436 (100)

23 (5)
413 (95)

0.20

1.00

0.53

0.80

0.007

Note: N, sample size; BMI, Body mass index.

2 Missing values for some variables not included in percentages: Gestational age (8), BMI before pregnancy, Maternal education
level (2), Proximity to industrial area (11), Proximity to agricultural area (11), Maternal smoking habit until 12 weeks of gestation
(12), Maternal alcohol consumption until 12 weeks of gestation (6), Maternal rice consumption at 12 weeks of gestation (6),
Maternal fish consumption at 12 weeks of gestation (6), Maternal vitamin Bs, B12, Zn, folate and iron intake (6).

b p-value, comparing women characteristics between included and excluded population using Fisher's Exact Test for categorical

variables and Kruskall Wallis Test for continuous variables:

¢ median and 25, 75t percentile.

d Levels above and below the Population Reference Intake for Fe, Zn and vitamin Bs and adequate intake for folate and vitamin Bz

for pregnant women established by the European Food Safety Authority.
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Figure S1 Correlations between energy adjusted dietary variables (grams per day). INMA Project (Valencia and Gipuzkoa, Spain, 2003-2008).
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Figure S2 Correlations between energy adjusted log2-transformed estimated nutrients intake. INMA Project (Valencia and Gipuzkoa, Spain, 2003-2008).
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Figure S3 Correlation between log2-transfomed measured and calibrated® As concentrations (ug/g creatinine) . INMA Project (Valencia and Gipuzkoa, Spain,
2003-2008).
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Note: Corr, Pearson correlation; AB, arsenobetaine; TAs, Total As; TiAs, Total inorganic iAs (sum of DMA, MMA and unmethylated iAs); DMA, dimethylated arsenic; MMA, monomethylated
arsenic; iAs, unmethylated inorganic As; cal, calibrated As concentrations. All As concentrations were corrected by urinary creatinine.
aAs metabolites concentrations corrected by arsenobetaine.
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Table S2: Geometric mean (95% confident intervals) of total As, total inorganic As, arsenobetaine and As metabolites concentrations of adjusted by creatinine by characteristics of participants. INMA Project
(Valencia and Gipuzkoa. Spain. 2003-2008).

TAs p? YAs p? AB p? DMA p? MMA p? iAs p?
(ug/g creatinine) (ug/g creatinine) (ug/g creatinine) (ug/g creatinine) (ug/g creatinine) (ug/g creatinine)
Area of studv
Gipuzkoa 43.18 (38.49,48.40) <0.01 7.57 (7.09,8.09) 0.41 26.32 (22.71,30.49) <0.01 6.78 (6.32,7.27) 0.80 0.26  (0.24,0.28) <0.01 0.27 (0.25,0.30) <0.01
Valencia 31.13  (28.45,34.07) 7.86  (7.42,8.32) 16.81 (14.87,19.02) 6.86 (6.46,7.28) 0.41 (0.39,0.43) 0.38  (0.35,0.40)
Age (vears)
<25 21.35 (16.40,27.78) <0.01 6.74 (5.71,7.96) 0.38 8.96 (6.04,13.30) <0.01 5.91 (4.97,7.04) 0.40 0.38 (0.32,0.45) 0.43 0.35 (0.30,0.40) 0.66
25-29 34.55 (30.50, 39.13) 7.73  (7.15, 8.36) 19.26 (16.31,22.74) 6.81 (6.28,7.39) 0.34 (0.31,0.37) 0.34 (0.32,0.38)
30-34 38.93 (35.08,43.21) 7.92 (7.43,8.46) 23.68 (20.70, 27.08) 6.98 (6.53,7.47) 0.34 (0.32,0.37) 0.33 (0.30, 0.36)
>35 36.36  (30.10, 43.91) 7.72 (6.94, 8.58) 20.09 (15.61, 25.85) 6.83 (6.12,7.63) 0.32 (0.28,0.36) 0.31 (0.27,0.36)
Place of birth
Spain 36.83 (34.20,39.67) <0.01 7.68 (7.35,8.03) 0.07 22.17 (20.18,24.37) <0.01 6.78 (6.48,7.11) 0.09 0.33 (0.32,0.35) 0.01 0.32 (0.31,0.34) 0.01
LatinAmerican 2088  (15.71,27.74) 9.52 (7.52,12.04) 413 (2.44,6.99) 8.27 (6.47,0.57) 0.48 (0.39, 0.60) 0.47  (0.37,0.60)
Other 28.37 (16.70, 48.21) 6.77 (5.20, 8.82) 15.15 (7.56,30.34) 5.79 (4.37,7.68) 0.38 (0.31,0.47) 0.35 (0.24,0.51)
BMI before pregnancy (Kg/m?)
Healthy (18.5—<25) 37.59  (34.59, 40.86) 0.09 7.68 (7.35,8.03) 0.15 21.60 (19.34,24.13) 0.11 7.00 (6.64,7.39) 0.19 0.35 (0.33,0.37) 0.37 0.34 (0.32,0.36) 0.30
Low weight (<18.5) 3342 (19.96, 55.95) 9.52 (7.52,12.04) 16.95 (8.31,34.58) 556  (4.43,6.99) 031 (0.23,0.41) 029  (0.21,0.41)
Overweight (25-<30) 31.22 (26.45, 36.85) 6.32 (4.94,8.10) 17.93 (14.47,22.23) 6.47 (5.78,7.23) 0.33 (0.30,0.37) 0.33 (0.29,0.37)
Obesity (>30) 28.64 (22.01,37.25) 11.46 (2.99, 43.88) 14.76 (10.21,21.34) 6.61 (5.55,7.86) 030 (0.25,0.36) 0.28  (0.23,0.35)
Parental social class
I+11 (high) 38.03  (33.56, 43.09) 041 798 (7.41,8.59) 0.01 21.88 (18.49,25.90) 0.37 7.01 (6.49,7.57) 0.01 0.31 (0.28,0.34) <0.01 0.32 (0.29,0.36) 0.68
m 33.87 (29.68, 38.65) 6.94 (6.35,7.58) 20.44 (17.20, 24.30) 6.10 (5.56, 6.69) 0.32 (0.29,0.35) 0.33 (0.30, 0.36)
IV+V (low) 34.67 (30.88,38.93) 8.10 (7.57,8.66) 18.68 (16.02,21.79) 7.17 (6.69, 7.70) 0.38 (0.35,0.41) 0.34 (0.31,0.37)
Educational level
Up to primary 31.18 (26.83,36.24) 0.07 7.47 (6.82,8.19) 0.69 16.70 (13.66,20.43) 0.06 6.59 (5.99,7.25) 0.71 0.39 (0.35,0.43) <0.01 0.34 (0.30,0.37) 0.20
Secondary 34.94 (31.27,39.04) 7.85  (7.32,8.42) 19.98 (17.24,23.15) 6.89 (6.40,7.41) 036 (0.33,0.38) 035  (0.32,0.38)
University 39.07 (34.66, 44.04) 7.79  (7.25,8.36) 22.73 (19.38,26.64) 6.90 (6.41,7.43) 030 (0.27,0.33) 031 (0.28,0.34)
Working status
Non-working 31.66 (26.96,37.18) 0.10 7.69 (7.03,8.41) 0.87 16.02 (12.77,20.10) 0.01 6.76 (6.16,7.42) 0.84 0.40 (0.36,0.44) <0.01 0.34 (0.31,0.39) 0.46
Working
36.64  (33.83,39.68) 7.76  (7.38,8.15) 21.44 (19.32,23.79) 6.84 (6.49,7.21) 0.33 (0.31,0.35) 0.33 (0.31,0.35)
Proximity to agricultural area
No 36.58  (33.25, 40.25) 0.37 7.54 (7.13,7.97) 0.17 19.41 (16.81,22.41) 0.50 7.06 (6.55,7.60) 0.22 0.37 (0.35,0.40) 0.01 0.35 (0.32,0.39) 0.07
Yes 33.92 (30.42,37.82) 8.04 (7.48,8.63) 20.76 (18.27,23.58) 6.66 (6.28,7.06) 0.33 (0.31,0.35) 0.32 (0.30,0.34)
Proximity to industrial area
No 3556 (32.58,38.81) 0.85 797 (7.55,841) 005 2141 (18.18,2521) 041 645 (596,698 010 031 (0.28,034) <0.01 030 (0.28,0.33) 0.03
Yes 3544  (31.21,40.26) 727  (6.74,7.84) 19.65 (17.46,22.12) 7.00 (6.61,7.40) 0.36 (0.34,0.38) 035  (0.32,037)
Tobacco consumption
No 36.08 (33.30,39.08) 027 7.83 (745,822) 023 2028 (1821,22.58) 067 691 (657,7.28) 018 034 (0.32,036) 005 032 (031,035 0.17

180



TAs p? ZAs p? AB p? DMA p? MMA p? iAs p?
(ug/g creatinine) (ug/g creatinine) (ug/g creatinine) (ug/g creatinine) (ug/g creatinine) (ug/g creatinine)
Yes 32.46 (27.51,38.30) 730 (6.63,8.05) 19.20 (15.53,23.75) 6.38 (5.77,7.06) 0.38 (0.34,0.42) 036  (0.32,0.41)
Season of sample collection
Winter 37.95 (32.31,44.59) 0.13 7.52 (6.86,8.24) 0.04 23.11 (18.82,28.37) 0.11 6.65 (2.06,6.04) 0.04 0.33 (0.30,0.37) <0.01 0.31 (0.27,0.35) 045
Spring 39.45 (34.15,45.57) 8.57 (7.81,9.41) 22.08 (18.27,26.69) 7.58 (2.23,6.87) 039 (0.35,0.43) 034  (0.30,0.38)
Summer 31.79 (28.19, 35.85) 7.76  (7.19,8.37) 17.12 (14.46,20.27) 6.80 (2.00, 6.29) 0.36 (0.33,0.39) 0.35  (0.32,0.39)
Autumn 34.42  (29.52,40.14) 7.10 (8.50,7.75) 19.83 (16.16, 24.34) 6.27 (2.06,5.71) 0.28 0.25,0.32) 032  (0.29,0.36)
Rice consumption
<lsv/week 36.98 (33.27,41.10) 031 7.16 (6.73,7.63) <0.01 22.35 (19.56,25.54) 0.05 632 (5.92,6.75) <0.01 0.8 (0.26,0.30) <0.01 0.29  (0.26,0.31) <0.01
>1 sv/week 34.34 (31.14,37.88) 8.35 (7.86, 8.86) 18.43 (16.08,21.11) 736 (6.91,7.83) 0.42 (0.39,0.44) 0.38 (0.35, 0.40)
Fish consumption
<1sv/week 23.75 (20.59,27.39) <0.01 6.87 (6.30,7.49) <0.01 1049 (841,13.09) <0.01 598 (5.47,6.55 <0.01 037 (0.34,040) 0.13 0.34 (0.31,0.38) 0.69
1 sv/week 36.74  (32.96, 40.95) 7.45 (6.99,7.93) 22.14 (19.28,25.42) 6.56 (6.14,7.01) 0.32 (0.30,0.35) 0.32 (0.30, 0.35)
>1 sv/week 44.74  (39.62, 50.53) 8.79 (8.12,9.52) 28.03 (24.21,32.46) 7.82 (7.20,8.49) 0.35 (0.32,0.38) 0.33 (0.30, 0.36)

Note: TAs, Total As; 2, sum of measured DMA, MMA and iAs); DMA, dimethylarsinic acid; MMA, monomethylarsonic acid; iAs, inorganic As; BMI, Body mass index; SC, Social Class; sv, serving.

2 p-value from ANOVA F-test
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Figure S4 Fish and meat sub-categories associated with maternal urinary As, arsenobetaine and As metabolites concentrations

Total As Arsenobetaine ZAs DMA MMA iAs
| | | | | |
| | | | | |

Oily fish | T—#— —— —— —— —— ——
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |

Lean Fish - : —— : —— I'—l'— :—.— —l'—'-l +|
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
. | | | | | |
Shellfish | | * | * | * | * * | .
and molluscs : : : : : :
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
Red meatq | | 1 1 —— | I
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
White meat : : : : + :
| | | | | |
| - | - : - - | - - : - U - : - - : | - - | -
0 1 2 3 0 1 2 3 4 00 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 20 05 0.0 0.5 1.0 0 1 2

Coefficient

Note: All models were adjusted by area of study, creatinine, and country of birth. Additionally, TAs model was adjusted by age and season of sample collection, legumes and rice consumption; AB model
was adjusted by age, season of sample collection, legumes and eggs consumption; >As model was adjusted by season of sample collection, parental social class, vegetables and rice consumption; DMA
model was adjusted by season of sample collection, parental social class and vegetables and rice consumption; MMA model was adjusted by season of sample collection, parental social class, pre-
pregnancy body mass index, weeks of gestation at sampling,residential proximity to agricultural area and vegetables and rice consumption; iAs model was adjusted by pre-pregnancy body mass index
and legumes, rice and other cereals consumption.

Sample used of all models were n= 1005, except for log2 MMA model (n=994). All dietary variables were expressed in grams per day.
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Table S3: Bivariate linear regression between methylation efficiency (measured by calibrated® percentage of As metabolites in maternal urine and principal component 1
and 2 of PCA) and estimated nutrients intake (adjusted by calories) and essential and toxics elements factors. INMA Project (Valencia and Gipuzkoa, Spain, 2003-2008).

Calibrated %DMA%> Calibrated %MMA2P Calibrated %iAs*® PC1 PC2
Beta (95%Cl) pe Beta (95%Cl) pe Beta (95%Cl) Pe Beta (95%Cl) Pe Beta (95%Cl) Pe
Estimated nutrients daily intake
Estimated maternal zinc intake®® 9.34(0.29, 18.40) 0.04 -6.25(-13.81, 1.30) 0.10 -9.30 (-19.25, 0.66) 0.07 0.14 (0.01, 0.28) 0.04 0.02 (-0.05, 0.09) 0.64
Estimated maternal iron intake®® -2.26 (-6.44, 1.91) 0.29 -1.08 (-4.57, 2.40) 0.54 3.11(-1.48,7.70) 0.18 -0.03 (-0.10, 0.03) 0.31 0.02 (-0.01, 0.05) 0.16
Estimated maternal folate intake®® -0.24 (-1.89, 1.40) 0.77 -0.79 (-2.16, 0.58) 0.26 0.54 (-1.27,2.35) 0.56 -0.003 (-0.03, 0.02) 0.83 0.01 (-0.003, 0.02) 0.14
Estimated maternal vitamin Bsintaked® 1.43 (-1.64, 4.50) 0.36 -1.83(-4.39,0.73) 0.16 -1.51 (-4.88, 1.87) 0.38 0.03 (-0.02, 0.07) 0.28 0.01 (-0.01, 0.03) 0.40
Estimated maternal vitamin B intake®® 0.85(-3.35, 5.05) 0.69 -1.01 (-4.51, 2.49) 0.57 -0.97 (-5.58, 3.65) 0.68 0.02 (-0.05, 0.08) 0.63 0.005 (-0.03, 0.04) 0.77
Other essential and toxic elements
Maternal urine cadmium (pg/L)® -0.02 (-1.92, 1.88) 0.99 1.48 (-0.09, 3.05) 0.07 -0.87 (-2.96, 1.23) 0.42 0.001 (-0.03, 0.03) 0.94 -0.02 (-0.03, -0.003) 0.02
Maternal serum selenium (pg/L) 0.03 (-0.24,0.30) 0.81 -0.13 (-0.35, 0.10) 0.27 -0.05 (-0.35, 0.25) 0.76 0.001 (-0.003, 0.005) 0.65 0.001 (-0.001, 0.003) 0.37
Maternal serum manganese (ug/L)® 0.78 (-5.34,6.91) 0.80 -0.63 (-5.71, 4.45) 0.81 -0.29 (-7.06, 6.48) 0.93 0.009 (-0.1, 0.10) 0.85 0.005 (-0.04, 0.05) 0.85
Maternal serum ferritin (mg/L) 1.02 (-1.40, 3.43) 0.41 -0.71(-2.78,1.37) 0.50 -0.01 (-0.03, 0.02) 0.68 0.01 (-0.02, 0.05) 0.50 0.004 (-0.02, 0.02) 0.67

Note: 95%Cl, 95% confidence intervals; %DMA, percentage of dimethylarsinic acid; % MMA, percentage of monomethylarsonic acid; %iAs, percentage of inorganic As. PCA, principal component analysis; PC1, principal
component 1; PC2, principal component 2.

The percentages of each metabolites were calculated: levels of calibrated metabolite/ (calibrated DMA + calibrated MMA+ calibrated unmethylated iAs

2 Calibrated percentages were calculated with As metabolites concentrations corrected by arsenobetaine and creatinine concentrations; Probit- transformed; ©p-value from ANOVA F- test; “Estimated nutrients daily
intake from the diet and the supplementation.; ¢log2-transformed.

The models are adjusted by area of study.
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Table S4 Dietary intake variables (energy adjusted) during the first trimester of pregnancy by study area. INMA Project
(Valencia and Gipuzkoa, Spain, 2003-2008).

Total Valencia Gipuzkoa p?

::gorc;ingsrr?:f;ay) Mean * SD Median Mean + SD Median Mean + SD Median

Dairy products 448.7 £220.7 417.9 429.2 +£218.7 388.3 477.1+220.9 451.3 <0.001
Eggs 20.4+9.0 213 19.5+94 20.4 21.7+8.0 22.5 <0.001
Meat 113.6 +41.7 114.4 122.5+41.1 121.0 100.6 £39.1 100.0 <0.001
Seafood 67.6+34.9 63.1 61.8+33.7 56.8 76.1+349 72.8 <0.001
Vegetables 211.9+104.6 201.5 201.9+107.2 192.9 226.4+99.0 2136 <0.001
Fruits 304.7£181.3 267.8 273.9+1745 236.7 349.4+£182.0 329.3 <0.001
Legumes 37.7+26.3 27.2 28.7+22.2 20.5 50.6 +26.5 55.5 <0.001
Rice 49.5+33.0 425 60.9 +35.2 60.5 329+204 27.1 <0.001
Other cereals 144.5+59.8 137.2 135.3+54.3 130.6 157.9+64.7 151.3 <0.001

Note: SD, standard deviation.
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Appendix S1: Methodology

A.1.1 Description of urinary arsenic speciation analysis

The total As concentrations were determined with an inductively coupled plasma tandem mass
spectrometer (ICPMS/MS, 8800, Agilent Technologies, Waldbronn, Germany) with oxygen as the reaction
gas at m/z 75 = 91. An external calibration was used for quantification, from 0.05 to 100 pg As/L. The
certified reference materials (CRM) SRM 1640a (Trace elements in natural water, NIST, Gaithersburg,
USA, n=12) and SRM 2669 | and Il (Arsenic Species in Frozen Human Urine, n=14) were used for quality
control. A calibration standard was re-measured after every 10th sample to monitor the stability of the
measurement. Chromatographic separation of the arsenic compounds was carried out in accordance with
a previously validated method (Scheer et al. 2012). An external calibration was used for quantification. It
contained arsenate, MMA, DMA and AB in the concentration range 0.05—100 pg As/L. Hydrogen peroxide
(10% v/v) was added to oxidize the species. For quality control, the CRMs SRM 1640a (n=5), SRM 2669 |
(n=8) and SRM 2669 Il (n = 22) were prepared similar to the urine samples and also investigated. The 1.0
ug As/L calibration standard was injected regularly to control the stability of the measurement. Every
10th sample was also re-measured for the same purpose. Of all the samples analysed (1017), 102 were
re-analysed, which represents 10%. These second measurements matched the first in 100 + 3% of the
cases. HPLC (1200, Agilent Technologies) coupled to ICPMS/MS (8800, Agilent Technologies) was
employed for speciation analysis. The arsenic signal was again recorded in oxygen reaction mode at m/z

75 = 91, with the addition of CO2 for signal enhancement.

A.1.2 Description of covariables and potential confounders

Covariates collected through questionnaire during pregnancy:

Maternal and paternal age at conception (years), maternal and paternal education level (up to primary,
secondary, university), maternal place of birth (Spain, other), maternal body mass index (BMI, kg/m?2)
before pregnancy, BMI categorized on three levels (Low and healthy weight, BMI<25; Overweight,
25>BMI<30; Obesity, BMI>30), parity (0, 1), maternal and paternal working status during pregnancy
(non-worker, worker), type of area of residence (rural, non-rural), maternal tobacco consumption during
pregnancy (yes, no), paternal tobacco consumption during pregnancy (yes, no), maternal alcohol

consumption during pregnancy (yes, no), season of sample collection (spring, summer, winter, autumn).

Parental social class: defined from the maternal or paternal occupation during pregnancy with the highest
social class, according to the Spanish adaptation of the International Standard Classification of
Occupations coding system approved in 1988 (ISCO88). Class I+l included managerial jobs, senior
technical staff, and commercial managers; Class Il included skilled non-manual workers; and class IV+V

included manual and unskilled workers.
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Covariates collected through guestionnaire from birth to 4-5 years of age:

Duration of breastfeeding (defined as receiving breast milk, although this could be supplemented with
any food or liquid, including non-human milk, in weeks), maternal and paternal working status (non-
worker, worker), maternal and paternal smoking habit (smoker, non-smoker), main care provider
(mother, mother and others, other combinations without mother) and attendance at nursery (yes, no).

A proxy of the maternal verbal intelligence quotient (IQ) was assessed using the Similarities Subtest of the
Weschler Adult Intelligence Scale-Third Edition (WAIS-III) (Weschler 2001) administered to the mother at

the same time as the MSCA.

A.1.3 Description of the arsenic species calibration methodology

We used the mathematical method proposed by Jones et al. (2016). Arsenobetaine concentrations were
used as a marker of seafood consumption. Using linear regression models, calibrated iAs, DMA and MMA
concentrations were estimated by regressing the measured concentrations of iAs, MMA, and DMA on AB
and creatinine concentrations (all measures were log-2 transformed) in three separate models. The new
calibrated iAs, MMA and DMA concentrations were calculated by adding the residual of each metabolite

model to a constant (mean level of each metabolite estimated from participants with AB<1 pg/L).
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Table S1: Sociodemographic and environmental characteristics of study participants, and differences between

populations included and excluded in the study. INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008).

Included population

Excluded population?

(n=807) (n=592)
Variables at pregnancy NP (%) N (%) P-value®
Area of study
Gipuzkoa 340 (42) 272 (46) 0.16
Valencia 467 (58) 320 (54)
Gestational age at samplinge 13.0(1.2) 13.1(1.3) 0.18
Maternal age (years)
<25 36 (4) 67 (12) <0.01
25-29 263 (33) 203 (34)
30-34 361 (45) 238 (40)
235 147 (18) 84 (14)
Maternal country of birth
Spain 764 (95) 517 (87) <0.01
Others 43 (5) 75 (13)
BMI before pregnancy (Kg/m?)
<25 (low and healthy weight) 610 (76) 447 (76) 1.00
25- <30 (overweight) 137 (17) 101 (17)
> 30 (obesity) 60 (7) 43 (7)
Parity
446 (55) 318 (54) 0.59
>1 361 (45) 274 (46)
Parental social class
I+11 (high) 284 (35) 156 (26) <0.01
Il 214 (27) 133 (23)
IV+V (low) 309 (38) 303 (51)
Maternal educational level
Up to primary 168 (21) 180 (31) <0.01
Secondary 325 (40) 227 (38)
University 313 (39) 184 (31)
Paternal educational level
Up to primary 168 (21) 247 (42) <0.01
Secondary 325 (40) 244 (42)
University 313 (39) 97 (16)
Proximity of the residence to agricultural area
No 469 (59) 379 (66) 0.01
Yes 329 (41) 198 (34)
Maternal tobacco consumptiond
No 653 (82) 448 (78) 0.05
Yes 143 (18) 128 (22)
Maternal alcohol consumptiond
No 691 (86) 493 (85) 0.50
Yes 111 (14) 87 (15)
Rice consumption at 12 wg (grams/day)® 48.8 (30.5) 49.4 (35.8) 0.77
Fish consumption at 12 wg (grams/day)e 80.0(35.1) 76.9 (36.0) 0.11
Vitamin Bg intake (mg/day)® 3.3(2.9) 3.2 (2.6) 031
Vitamin B1; intake (mg/day)® 10.4 (4.8) 10.0 (4.4) 0.13
0.71

Folate and folic acid intake (ug/day)®

2583.2 (3111.1)

2519.8 (3169.4)
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Maternal serum ferritin

<15 pg/L 119 (15) 120 (23) <0.01
>15 pg/L 613 (76) 412 (77)
Variables until 1 year old
Child’s sex
Female 403 (50) 267 (45) 0.10
Male 403 (50) 320 (55)
Attendance at nursery
No 168 (21) 97 (23) 0.51
Yes 623 (79) 327 (77)
Variables at 5 vears old
Child’s age (years)® 5.2(0.7)
Maternal working status
Non-worker 213 (27)
Worker 586 (73)
Paternal working status
Non-worker 79(9)
Worker 720(91)
Maternal tobacco consumption
No 570 (74)
Yes 199 (26)
Paternal tobacco consumption
No 519 (68)
Yes 247 (32)
Main caregiver
Mother 472 (59.0)
Mother and others 262 (33)
Other without mother 66 (8)
Maternal verbal intelligence quotient® 9.8 (3.1)

Note: N, sample size; BMI, Body mass index; wg, weeks of gestation.

@ Mother—child pairs included in the cohort at birth but not participating in the present study for different reasons (deaths,
withdrawals, lost to follow-up, unavailability of As measurements);

b Missing values for some variables not included in percentages: Maternal educational level (1), Paternal educational level (6),
Proximity of the residence to agricultural area (9), Proximity of the residence to industrial area (9), Maternal tobacco consumption
until 12 wg (11), Maternal alcohol consumption until 12 wg (5), Rice consumption at 12 wg (5), Rice consumption at 12 wg (5), fish
consumption at 12 wg (5), vitamin B6 and B12, folate, zinc and iron intake (5), child’s sex (1), attendance at nursery (16), Main
caregiver at 4-5 years old (7), maternal working status at 4-5 years old (8), paternal working status at 4-5 years old (14 ),
maternal tobacco consumption at 4-5 years old (38), paternal tobacco consumption at 4-5 years old (41), maternal verbal
intelligence quotient (40), maternal serum ferritin (75).

p-value, comparing women’s characteristics between included and non-included population using Fisher's Exact Test for
categorical variables and Kruskal Wallis Test for continuous variables;

dtobacco and alcohol consumption until the first trimester of pregnancy;

emean and standard deviation.
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Table S2 Description of maternal urinary TAs and its metabolite concentrations and calibrated? and non-calibrated
metabolite percentages. INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008).

Percentile
(9;;}2') Min 25th 50t 75t Max
As concentrations (ug/L)

TAs 29.24(26.90, 31.78) 1.00 12.39 27.24 65.54 1526.17
AB 16.96(15.24. 18.88) 0.04 6.14 18.24 50.41 1287.58

2As 6.35 (6.02.6.71) 0.61 3.70 6.26 10.73 84.54

DMA 5.59(5.29.5.92) 0.43 3.20 5.44 9.53 81.08

MMA 0.28 (0.260.30). 0.02 0.17 0.29 0.49 4.34

iAs 0.27 (0.25.0.29) 0.01 0.17 0.27 0.45 14.07

As concentrations (ug/ g creatinine)

TAs 35.75(33.01. 38.73) 2.28 15.88 32.64 71.76 2123.54
AB 20.72 (18.66. 23.01) 0.07 8.12 22.04 55.12 1763.97

2As 7.78 (7.41.8.17) 1.08 4.56 7.42 12.55 111.81

DMA 6.85 (6.51.7.21) 0.92 3.89 6.55 11.34 111.06

MMA 0.34 (0.32.0.36) 0.01 0.23 0.35 0.55 417

iAs 0.33(0.31.0.35) 0.01 0.21 0.32 0.53 32.81

Metabolite percentages (Non-calibrated)

%DMA 89.75(89.25.90.26) ° 1299  85.23  89.75 9341 99.80

%MMA 5.08 (4.77.5.32)® 0.05 3.23 5.08 7.23 22.33

%iAs 4,71 (4.45. 4.95)" 0.03 2.93 4.71 7.20 85.71

Metabolite percentages (Calibrated?)

%DMA 84.47 (84.00. 85.04)° 8.47 78.26 84.47 89.15 99.53

%MMA 7.07 (6.67.7.40)b 0.13 5.01 7.07 9.82 30.79

%iAs 7.55(7.29.7.93)b 0.09 5.27 7.55 11.29 90.37

Note: TAs, Total As; XAs, sum of DMA, MMA and iAs; DMA, dimethylarsinic acid; MMA, monomethylarsonic acid; iAs, inorganic

As; %DMA, percentage of dimethylarsinic acid; %MMA, percentage of monomethylarsonic acid; %iAs, percentage of inorganic As; pg/L:
micrograms per litre. pg/g creat: micrograms per gram of creatinine; GM: Geometric mean; 95%ClI: 95% confidence intervals; Min:
minimum; P25t;

The percentages of each metabolite were calculated: levels of the metabolite/(DMA + MMA + iAs)*100

2As metabolites concentrations corrected for arsenobetaine concentrations

"Median (95% confidence intervals)
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Table S3.1 Effect modification (beta coefficients and 95%Cl and p-value of interaction <0.05 in red bold, <0.01 in blue bold) of some child and maternal factors on the association between
the calibrated %DMA and the child neuropsychological development assessed by the McCarthy test scores at 4-5 years of age. INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008).
INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008).

General Verbal Percept-perf. Quantitative Memory Motor Gross motor  Fine motor Execujclve Working
function memory
Calibrated %DMA

Main model -0.54 -1.04 -0.66 -0.10 -0.86 -1.81 -2.31 0.28 -1.83 0.54
(-3.21,2.13) (-3.62,1.59) (-3.29, 2.00) (-2.70, 2.51) (-3.58, 1.86) (-4.48,0.86) (-4.90, 0.29) (-2.27,2.83) (-4.59,0.92) (-2.03,3.12)

Child’s sex Male -1.78 -1.27 -0.67 -1.44 -2.02 -0.27 -1.45 2.15 -4.05 -0.83
(-5.39, 1.83) (-4.86, 2.32) (-4.24, 2.89) (-5.01, 2.13) (-5.69, 1.65) (-3.91, 3.38) (-4.98, 2.09) (-1.34,5.64) (-7.78,-0.32) (-4.34,2.68)

Female 0.91 -0.74 -0.64 1.40 0.50 -3.56 -3.28 -1.80 0.74 2.09
(-2.99, 4.80) (-4.49, 3.02) (-4.50, 3.22) (-2.36, 5.16) (-3.47,4.47) (-7.42,0.29) (-7.03,0.47) (-5.48,1.88) (-3.28,4.76) (-1.63,5.81)

Serum Mn <1.44 pg/L -0.27 -1.31 1.11 -0.47 -2.27 0.74 -1.21 227 -1.12 0.60
(-3.95, 3.40) (-4.96, 2.33) (-2.50, 4.71) (-4.06, 3.12) (-6.03, 1.48) (-2.92,4.41) (4.84,2.41) (-1.21,5.75) (-4.90, 2.67) (-2.96, 4.16)

>1.44 pg/L -0.71 -0.28 -3.25 0.52 1.12 -4.45 -3.13 -2.46 -2.57 0.51
(-4.64,3.21) (-4.06, 3.51) (-7.20,0.71) (-3.31,4.35) (-2.87,5.10) (-8.33,-0.57) (-6.88,0.62) (-6.27,1.35) (-6.62, 1.47) (-3.28, 4.30)

Serum Se <79.8 pg/L -1.16 -1.47 -0.72 -0.35 -2.63 -2.18 -1.92 -0.64 -1.92 -0.26
(-5.02, 2.70) (-5.19, 2.26) (-4.55,3.11) (-4.12,3.43) (-6.58, 1.32) (-6.00, 1.64) (-5.62, 1.79) (-4.32,3.04) (-5.91, 2.08) (-4.01, 3.50)

>79.8 pg/L -0.01 -0.15 -1.12 -0.08 0.75 -1.31 -2.39 0.75 -1.91 0.92
(-3.73,3.70) (-3.83,3.53) (-4.82,2.59) (-3.74,3.57) (-3.05, 4.56) (-5.04, 2.42) (-6.06, 1.28) (-2.83,4.34) (-5.75,1.93) (-2.69, 4.54)

Urinary Zn <363.8 ug/L -1.13 -3.03 -0.36 0.99 -0.74 0.44 -0.19 1.36 -2.27 2.10
(-4.91, 2.65) (-6.67, 0.60) (-4.06, 3.34) (-2.69, 4.67) (-4.62,3.13) (-3.30, 4.19) -3.83,3.44) (-2.20, 4.92) -6.19, 1.65) (-1.52,5.73)

>363.8 ug/L -0.38 0.87 -1.61 -1.38 -1.08 -4.50 -4.86 -1.08 -1.81 -1.14
(-4.08, 3.33) (-2.85, 4.60) (-5.28, 2.06) (-5.06, 2.31) (-4.88, 2,71) (-8.27,-0.74) (-8.53,-1,18) (-4.71, 2.56) (-5.65, 2.03) (-4.78, 2.50)

Serum ferritin -~ <15 mg/I 451 2.39 134 3.13 5.77 -3.72 -9.31 3.69 1.77 3.99
(-3.41,12.43)  (-5.44,10.22) (-6.45,9.14) (-4.60, 10.85) (-2.22,13.77)  (-11.65,4.21) (-17.04,-1.59)  (-3.94,11.32) (-6.39,9.92) (-3.65, 11.62)

>15 mg/I -2.40 -2.75 -1.40 -1.06 -2.78 -1.55 -1.31 -0.76 -2.85 -0.01
(-5.54,0.74) (-5.78,0.29) (-4.45, 1.66) (-4.12,2.01) (-5.94,0.39) (-4.67,1.57) (-4.35,1.72) (-3.72,2.20) (-6.09, 0.39) (-3.02, 3.00)

Vit. Bs intake <2.3mg -2.11 -3.04 -2.22 -0.31 -2.07 -3.66 -3.28 -1.31 -2.48 0.33
(-6.11, 1.90) (-6.95,0.88) (-6.22, 1.78) (-4.20, 3.57) (-6.12, 1.98) (-7.63,0.31) (-7.18,0.63) (-5.17, 2.55) (-6.63,1.67) (-3.52,4.17)

>2.3mg 0.25 0.57 0.04 -0.37 -0.34 -0.79 -1.52 1.11 -1.71 0.32
(-3.31,3.81) (-2.90, 4.03) (-3.43,3.51) (-3.86,3.12) (-3.95,3.27) -4.37,2.78) (-4.96,1.91) -2.28, 4.49) (-5.40, 1.98) (-3.13,3.77)

Vit. Baz intake <9.4 ug 0.16 -0.14 0.49 0.68 0.35 -3.76 -3.34 -0.07 -0.61 1.08
(-3.68, 3.99) (-3.84,3.57) (-3.33,4.31) (-3.02, 4.38) (-3.53, 4.23) (-7.54,0.02) (-7.01,0.33) -3.75,3.61) (-4.58, 3.35) (-2.56,4.72)

>9.4 ug -1.67 -1.90 -2.24 -1.43 -2.36 -0.51 -1.46 0.17 -3.45 -0.52
(-5.39, 2.05) (-5.57,1.78) (-5.88,1.41) (-5.09, 2.23) (-6.14, 1.41) (-4.25, 3.22) (-5.11, 2.19) (-3.42,3.75) (-7.30, 0.40) (-4.17,3.13)

Folate intake <600 pg -0.36 4.46 -6.05 0.14 0.97 -5.74 -3.29 -3.02 -0.78 0.32
(-7.25, 6.52) (-2.40,11.32) (-12.80, 0.69) (-6.63, 6.92) (-5.99, 7.93) (-12.68, 1.20) (-10.08, 3.50) (-9.67,3.62) (-7.90, 6.35) (-6.39, 7.03)

2600 pg -0.85 -1.88 -0.07 -0.43 -1.43 -1.44 -2.13 0.58 -2.26 0.31
(-3.74, 2.04) (-4.68,0.91) (-2.92, 2.78) (-3.24, 2.38) (-4.37,1.50) (-4.32, 1.44) (-4.92, 0.65) (-2.18, 3.34) (-5.26,0.73) (-2.47,3.10)

Note: Percept-perf , perceptual-performance; Mn, manganese; Se, selenium; Zn, zinc; Vit, vitamin

191



Table S3.2 Effect modification (beta coefficients and 95%Cl and p-value of interaction <0.05 in red bold, <0.01 in blue bold) of some child and maternal factors on the association between
the calibrated %MMA and the child neuropsychological development assessed by the McCarthy test scores at 4-=5 years of age. INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008).
INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008).

General Verbal Percept-perf. Quantitative Memory Motor Gross motor  Fine motor Execujuve Working
function memory
Calibrated %MMA

Main model -1.51 -1.42 -0.57 -2.35 -3.34 0.43 0.21 -0.91 0.04 -2.40
(-4.88,1.87) (-4.62,1.78) (-3.90, 2.76) (-5.56,0.87) (-6.72,0.05) (-2.83,3.70) (-2.97, 3.39) (-4.06, 2.24) (-3.47, 3.55) (-5.56, 0.76)

Child’s sex Male -1.10 -0.12 -1.91 0.20 -1.86 -1.74 -1.63 -2.83 0.42 -0.49
-5.60, 3.40) (-4.49, 4.25) (-6.34, 2.51) (-4.25, 4.66) (-6,37, 2.66) (-6.24, 2.76) (-5.99, 2.73) (-7.15, 1.49) (-4.26, 5.10) (-4.87, 3.89)

Female -2.01 -2.83 1.10 -4.93 -5.12 2.68 2.17 1.14 -0.43 -4.35
(-6.96, 2.95) (-7.37,1.72) (-3.82,6.02) (-9.41, 0.44) (-10.07,-0.17) (-1.93,7.29) (-2.32,6.67) (-3.32,5.61) (-5.58, 4.73) (-8.77,0.08)

Serum Mn <1.44 pg/L -1.81 0.44 -3.82 -4.03 -2.14 -1.08 -0.77 -1.96 -0.85 -3.56
(-6.72, 3.10) (-4.14,5.01) (-8.57,0.93) (-8.67,0.62) (-7.03, 2.74) (-5,76, 3.59) (-5.37, 3.83) (-6.44,2.53) (-5.94, 4.24) (-8.17,1.05)

>1.44 ug/L -1.10 -3.60 3.34 -1.08 -4.97 1.34 0.24 0.02 0.93 -1.42
(-5.78, 3.59) (-8.08, 0.88) -1,41, 8.09) (-5.54, 3.38) (-9.71,-0.22) (-3.21, 5.89) (-4.21, 4.68) (-4.46, 4.50) (-3.93,5.78) (-5.82,2.97)

Serum Se <79.8 ug/L 0.63 -1.02 0.91 -3.08 -1.89 0.83 -1.72 2.14 1.67 -2.96
-4.50, 5.76) (-5.53, 3.50) (-4.06, 5.89) (-7.67,1.51) (-6.96, 3.17) (-3.83,5.49) (-6.20, 2.76) (-2.41, 6.68) (-3.67,7.01) (-7.51, 1.59)

>79.8 ug/L -2.74 -2.03 (-6.56, -1.03 -1.39 -4.53 -0.18 1.48 -3.67 -0.82 -1.49
(-7.22, 1.75) 2.50) (-5.59, 3.53) (-5.93, 3.15) (-9.15, 0.10) (-4.73, 4.37) (-3.07, 6.03) (-8.09, 0.74) (-5.49, 3.85) (-5.99, 3.01)

Urinary Zn <363.8 ug/L -1.76 -0.01 -0.72 -2.96 -4.13 -3.44 -2.32 -4.06 0.74 -2.43
(-6.15, 2.64) (-4.13, 4.10) (-5.11, 3.68) (-7.10, 1.19) (-8.61,0.35) (-7.64, 0.75) (-6.38,1.74) (-8.14,0.02) (-3.82,5.31) (-6.49, 1.62)

>363.8 ug/L -1.08 -2.57 1.53 -0.61 -1.50 7.01 4.83 4.22 -0.82 -1.71
(-6.21, 4.04) (-7.72, 2.58) (-3.54, 6.60) (-5.77, 4.55) (-6.73, 3.73) (1.86, 12.16) (-0.33, 10.00) (-0.76,9.21) (-6.14, 4.50) (-6.82, 3.40)

Serum ferritin <15 mg/I -0.15 5.93(-3.39, -1.80 -4.86 -4.00 5.86 7.74 -2.09 2.44 -5.22
(-11.52,1.23) 15.25) (-11.91, 8.31) (-14.87, 5.15) (-14.38,6.37)  (-4.45,16.17)  (-1.50,16.98)  (-12.06,7.89)  (-9.31, 14.20) (-15.10, 4.65)

>15 mg/I -1.38 -1.71 -0.03 -2.34 -3.60 -1.00 -1.09 -1.42 0.26 -2.19
(-5.12, 2.35) (-5.28, 1.86) (-3.70, 3.65) (-5.92, 1.25) (-7.34,0.15) (-4.62,2.62) (-4.65, 2.48) (-4.89, 2.05) (-3.60, 4.12) (-5.71, 1.33)

Vit. Bs intake <2.3mg -1.73 -2.00 -1.24 -4.10 -4.68 0.18 0.30 -2.25 -0.26 -3.96
(-6.38, 2.93) (-6.39, 2.39) (-5.78, 3.30) (-8.45, 0.25) (-9.29, -0.06) (-4.22, 4.59) (-4.08, 4.67) (-6.48, 1.98) (-5.11, 4.59) (-8.26,0.34)

>2.3mg -0.59 -0.39 0.81 0.22 -1.12 1.39 0.10 1.18 0.75 -0.24
(-5.38,4.19) (-4.98, 4.19) (-3.96, 5.59) (-4.40, 4.83) (-5.91, 3.67) (-3.36, 6.13) (-4.42,4.62) (-3.45,5.82) (-4.23,5.73) (-4.78, 4.30)

Vit. Biz intake <9.4 ug -3.10 -2.15 -2.02 -3.96 -5.86 1.62 0.91 -1.20 -1.58 -3.79
(-7.60, 1.39) (-6.51,2.22) (-6.56, 2.53) (-8.30, 0.38) (-10.42,-1.30) (-2.77,6.01) (-3.43,5.26) (-5.50, 3.10) (-6.26, 3.10) (-8.07,0.48)

>9.4 ug 1.18 -0.20 1.51 0.03 0.33 -0.31 -0.62 -0.27 2.43 -0.42
-3.77,6.13) (-4.80, 4.40) (-3.28, 6.30) (-4.57, 4.63) (-4.53,5.18) (-5.05, 4.42) (-5.18, 3.94) (4.83,4.29) (-2.73,7.58) (-4.98, 4.15)

Folate intake <600 ug -2.80 -8.33 4.49 -1.83 -4.41 3.39 0.38 2.19 -0.94 -1.52
-11.21, 5.62) (-16.54, -0.12) (-3.99, 12.97) (-9.89, 6.22) (-12.71, 3.90) (-4.90, 11.67) (-7.72, 8.49) (-6.13,0.52) (-9.71, 7.83) (-9.49, 6.45)

>600 pg -0.86 0.09 -1.19 -2.12 -2.66 0.31 0.22 -1.21 0.46 -2.36
(-4.52,2.81) (-3.36, 3.54) (-4.78, 2.41) (-5.60, 1.35) (-6.33, 1.00) (-3.21, 3.83) (-3.20, 3.65) (-4.62, 2.19) (-3.36,4.27) (-5.78, 1.07)

Note: Percept-perf , perceptual-performance; Mn, manganese; Se, selenium; Zn, zinc; Vit, vitamin
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Table S3.3 Effect modification (beta coefficients and 95%Cl and p-value of interaction <0.05 in red bold, <0.01 in blue bold) of some child and maternal factors on the association between
the calibrated %iAs and the child neuropsychological development assessed by the McCarthy test scores at 4-5 years of age. INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008). INMA
Project (Valencia and Gipuzkoa, Spain. 2003-2008).

General Verbal Percept-perf. Quantitative Memory Motor Gross motor  Fine motor Execujuve Working
function memory
Calibrated %iAs

Main model 1.14 0.80 1.02 0.63 1.67 1.88 2.32 -0.10 2.02 0.14
(-1.27, 3.56) (-1.57,3.16) (-1.36, 3.40) (-1.74, 2.99) (-0.78, 4.13) (-0.54, 4.30) (-0.03, 4.66) (-2.41,2.21) (-0.48, 4.51) (-2.20, 2.47)

Child’s sex Male 1.96 0.37 1.19 1.58 2.18 0.48 1.92 -2.06 3.95 -0.49
(-1.34,5.26) (-2.89, 3.64) (-2.07, 4.45) (-1.70, 4.85) (-1.17,5.53) (-2.86, 3.82) (-1.30,5.14) (-5.26, 1.14) (0.54,7.36) (-4.87,3.89)

Female 0.08 1.26 0.83 -0.41 1.09 3.45 2.75 1.99 -0.21 -4.35
(-3.46, 3.61) (-2.16, 4.67) (-2.64, 4.29) (-3.82,3.00) (-2.51, 4.68) (-0.05, 6.95) (-0.64, 6.14) (-1.32,5.29) (-3.86, 3.44) (-8.77,0.08)

Serum Mn <1.44 pg/L 1.24 0.88 -0.35 1.82 3.33 -0.45 1.90 -2.47 1.84 -3.56
(-2.10, 4.57) (-2.43,4.19) (-3.62,2.91) (-1.44,5.07) (-0.06, 6.72) (-3.76, 2.87) (-1.39,5.20) (-5.62, 0.67) (-1.59,5.27) (-8.17,1.05)

>1.44 pg/L 0.78 0.39 2.78 -0.86 -0.55 4.52 2.70 3.04 2.15 -1.42
(-2.76,4.32) (-3.02, 3.80) (-0.75, 6.32) (-4.33,2.61) (-4.14, 3.05) (1.00, 8.03) (-0.67, 6.06) (-0.37, 6.45) (-1.50, 5.80) (-5.82,2.97)

Serum Se <79.8 ug/L 1.47 1.36 0.74 1.09 3.05 2.37 2.45 0.13 2.05 -2.96
(-2.02, 4.95) (-2.00, 4.72) (-2.69, 4.18) (-2.32,4.50) (-0.51, 6.61) (-1.10, 5.83) (-0.89, 5.78) (-3.18, 3.45) (-1.55, 5.65) (-7.51, 1.59)

>79.8 pg/L 0.71 -0.11 1.44 0.43 0.33 1.36 2.09 -0.01 2.07 -1.49
(-2.66, 4.07) (-3.44,3.21) (-1.89, 4.77) (-2.89, 3.75) (-3.11,3.77) (-2.01, 4.73) (-1.23,5.41) (-3.24,3.22) (-1.41,5.55) (-5.99, 3.01)

Urinary Zn <363.8 ug/L 1.87 1.82 1.44 -0.11 1.79 0.93 0.86 -0.18 2.29 -2.43
(-1.50, 5.24) (-1.40, 5.04) (-1.85,4.72) (-3.40, 3.18) (-1.66, 5.25) (-2.42,4.29) (-2.35, 4.08) (-3.35,2.99) (-1.20, 5.79) (-6.49, 1.62)

>363.8 pg/L 0.28 -0.46 0.86 1.38 1.43 3.18 4.16 0.16 1.78 -1.71
(-3.15, 3.71) (-3.93,3.01) (-2.53, 4.25) (-2.04, 4.80) (-2.07,4.93) (-0.31, 6.68) (0.75,7.57) (-3.19,3.51) (-1.77,5.34) (-6.82, 3.40)

Serum ferritin <15 mg/I -4.27 -6.58 -0.80 -2.30 -6.34 2.79 6.76 -2.87 -1.91 -5.22
(-10.83, 2.29) (-13.13,-0.03) (-7.19, 5.59) (-8.73,4.12) (-12.94, 0.26) (-3.80,9.38) (0.30, 13.22) (-9.13, 3.40) (-8.67, 4.85) (-15.10, 4.65)

>15 mg/| 3.10 3.01 1.73 1.71 4.10 2.01 1.72 1.11 3.12 -2.19
(0.23,5.97) (0.26, 5.76) (-1.05, 4.51) (-1.11, 4.52) (1.22, 6.98) (-0.85, 4.87) (-1.05, 4.49) (-1.60, 3.81) (0.15, 6.08) (-5.71, 1.33)

Vit. Bs intake <2.3mg 2.86 3.30 2.89 1.10 2.04 3.90 3.47 2.02 2.76 -3.96
(-0.78, 6.51) (-0.26, 6.86) (-0.70, 6.49) (-2.43, 4.64) (-2.62,6.71) (0.30,7.51) (-0.07,7.01) (-1.45,5.49) (-1.01, 6.53) (-8.26,0.34)

223 mg -0.04 -1.05 -0.12 0.58 0.50 0.55 1.43 -1.51 1.72 -0.24
(-3.27,3.19) (-4.20, 2.10) (-3.27,3.03) (-2.59, 3.74) (-2.76,3.77) (-2.70, 3.81) (-1.67,4.54) (-4.59, 1.57) (-1.62,5.07) (-4.78, 4.30)

Vit. B1z intake <9.4 ug 0.36 -0.22 -0.03 0.22 1.30 3.94 3.38 0.25 0.60 -3.79
(-3.26, 3.98) (-3.71,3.26) (-3.60, 3.54) (-3.26,3.71) (-2.35,4.94) (0.35,7.52) (-0.05, 6.81) (-3.19, 3.70) (-3.14, 4.34) (-8.07,0.48)

>9.4 ug 1.94 1.74 2.25 1.36 2.17 0.55 1.46 -0.07 3.49 -0.42
(-1.32,5.21) (-1.51, 4.99) (-0.95, 5.45) (-1.87, 4.58) (-1.14, 5.49) (-2.73, 3.83) (-1.75, 4.68) (-3.21,3.07) (0.11, 6.87) (-4.98, 4.15)

Folate intake <600 pg 1.13 5.67 -6.70 0.08 -0.87 6.88 5.00 3.05 1.36 -1.52
(-5.90, 8.16) (-1.79,13.12)  (-14.06, 0.66) (-6.83, 7.00) (-7.96, 6.22) (-0.21,13.97)  (-1.93,11.94)  (-3.81,9.90) (-5.92, 8.64) (-9.49, 6.45)

>600 g 1.23 1.44 0.50 0.91 2.12 1.42 1.96 -0.30 2.28 -2.36
(-1.34,3.81) (-1.06, 3.94) (-2.02,3.02) (-1.60, 3.42) (-0.49, 4.73) (-1.15, 3.99) (-0.52, 4.44) (-2.75, 2.15) (-0.39, 4.95) (-5.78,1.07)

Note: Percept-perf , perceptual-performance; Mn, manganese; Se, selenium; Zn, zinc; Vit, vitamin
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Table S4.1 Covariates and confounders included in each main model.

General scale model Verbal scale model

Perceptual-performance scale

Quantitative scale

Exposure variable

< < < < < < < <
o 9 < < S 2 0« o 0 < < S 2 4 o« P < < S 2 4 0« o o < < S 2 <4 o
2 < 3 s s g 2 £ 3 0O 2 < v s 5 g 2 £ 3 O 2 2 o 35 s g 2 < 8 O & 2 o 3 35 g 2 < 8 O
|—W<D§—§go\°ua '-W<o§-§§c\°&'l I—N<Q§—§§°o\°uu |—N<D§—§%gaa
Covariables ° ° ° °
Area of study
Maternal urinary
creatinine’
Maternal educational
level*
Paternal education level*
Parity*

Season of sample coll*.
Maternal age*

Maternal place of birtht
Maternal BMI*

Maternal working status®
Type of area of residence*
Parental social class*
Prox. to agricultural area’
Maternal smoking*
Paternal smoking®
Child’s sex?

Attendance at nursery?
Maternal verbal
intelligence?

Maternal smoking?

Rice consumptiom
Seafood consumption
Vegetables consumption
Meat consumption
Legumes consumption
Maternal urine Cd
concent.

Estimated maternal Fe
intake®

Estimated maternal Zn
intake®

NO2 exposure*

1
1
1
1
1

Linformation collected during pregnancy 2 Information collected at 4-5 years of age

Variables included in the core model Confounders
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Variables included regardless of their statistical significance




Table S4.2 Covariates and confounders included in each main model.

Memory scale model

Motor scale model

Gross motor scale

Fine scale

TAs

>As

AB
DMA
MMA

TAs
>As
AB
DMA
MMA
iAs
%DMA
%MMA
%iAs
PC1
PC2

iAs

%DMA
%MMA

%iAs

PC1

PC2

TAs

>As

AB

DMA
MMA
iAs
%DMA
%MMA

%iAs

PC1

PC2

TAs

>As

AB

DMA

MMA
iAs
%DMA

%MMA

%iAs

PC1
PC2

Area of study

Maternal urinary creatinine*
Maternal educational level*
Paternal education level*
Parity*

Season of sample coll*.
Maternal age*

Maternal place of birtht
Maternal BMI*

Maternal working status*
Type of area of residence®
Parental social class*

Prox. to agricultural area®
Maternal smoking*

Paternal smoking*

Alcohol consumption®
Child’s sex?

Attendance at nursery?
Maternal verbal intelligence?
Maternal smoking?

Rice consumptiom®

Seafood consumption®
Vegetables consumption®
Meat consumption

Legumes consumption®
Maternal urine Cd concent.

Estimated maternal Fe
intake®

Estimated maternal Zn
intake®

NO2 exposure*

Information collected during pregnancy ? Information collected at 4-5 years of age

Variables included in the core model Confounders
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Variables included regardless of their statistical significance




Table S4.3 Covariates and confounders included in each main model.

Executive-function scale model

Working memory scale model

TAs

SAs

< <
3 £ 32322 &
<D§_O\O§§

PC1

PC2

TAs

SAs

AB
DMA
MMA

iAs

%DMA
%MMA
%iAs

PC1

PC2

Area of study

Maternal urinary creatinine®
Maternal educational level*
Paternal education level*
Parity*

Season of sample coll*.
Maternal age!

Maternal place of birth!
Maternal BMI*

Maternal working status®
Type of area of residence®
Parental social class*

Prox. to agricultural area*
Maternal smoking*

Paternal smoking*

Alcohol consumption®
Child’s sex?

Attendance at nursery?
Main care provider?
Maternal verbal intelligence?
Maternal smoking?

Rice consumptiom?

Seafood consumption®
Vegetables consumption®
Meat consumption

Legumes consumption*
Maternal urine Cd concent. *

Estimated maternal Fe
intake’

Estimated maternal Zn
intake!

NO2 exposure*

*Information collected durina preanancy ? Information collected at 4-5 vears of age

Variables included in the core model

Confounders
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Table S5 Association (beta coefficients and 95%Cl) between prenatal TAs and AB
concentrations and the verbal sub-scale of the McCarthy test evaluated at 4-5 years of
age: comparison effects of the main model in the total sample (model 1) and in a
subsample of women in the 1st quartile of seafood consumption (model 2).

Outcome Exposure Model n Beta (95%Cl) p-value
log2 TAs 1 807 0.65 (0.03, 1.27) 0.04
log2 TAs 2 201 1.01 (-0.16. 2.19) 0.09
Verbal scale
log2 AB 1 807 0.59 (0.11, 1.07) 0.02
log2 AB 2 201 0.78 (-0.06. 1.62) 0.07

Note: TAs, Total As; AB: arsenobetaine; n= total sample used in each model.
The models were adjusted for creatinine.
Additionally, each model 1 was adjusted for different confounders and covariates (See Tables 54.1,
S4.2 and S4.3), including adjustment by seafood consumption. Models 2 was adjusted for different
confounders and covariates of model 1, without adjustment by seafood consumption.
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Table S6 Association (beta coefficients and 95%Cl) between prenatal MMA concentrations and several
sub-scales of the McCarthy test evaluated at 4-5 years of age: comparison effects of the main model
(model 1) and adjusted with maternal smoking habit at first trimester of pregnancy (model 2).

Outcome Exposure Model Beta (95%Cl) p-val
scal | 1 -1.37 (-2.33,-0.41) 0.01
General scale 0g2 MMA 2 -1.32(-2.29, -0.34) 0.01
1 -1.18 (-2.13,-0.23) 0.02
Verbal scale log2 MMA
2 -1.18 (-2.14,-0.22) 0.02
o 1 -1.23(-2.20,-0.27) 0.01
Quantitative scale log2 MMA
2 -1.25(-2.21,-0.28) 0.01
1 -1.19 (-2.17,-0.20) 0.02
Memory scale log2 MMA
2 -1.21(-2.21,-0.21) 0.02
) ) 1 -0.98 (-2.00, 0.04) 0.06
Executive function scale log2 MMA
2 -0.98 (-2.02, 0.06) 0.07

Note: TAs, Total As; AB: arsenobetaine; n= total sample used in each model.

The models were adjusted for creatinine.

Additionally, each model 1 was adjusted for different confounders and covariates (See Tables S4.1, S4.2 and $4.3). Models 2: model 1 +
maternal smoking habit during first trimester of pregnancy.
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Figure S2 Sensitivity analysis: adjusted association between prenatal As concentration percentages and children’s neurodevelopment assessed by the McCarthy test scores at 4-5 years of
age: main models and with exclusion of special cases. INMA Proiject (Valencia and Gipuzkoa, Spain. 2003-2008).
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Note: Percep- perf: perceptive-performance; Only optimal MSCA assess: only optimal McCarthy assessment; log2, log2 transformation. TAs, Total As; ZAs, sum of DMA, MMA and iAs; DMA, dimethylarsinic acid;

MMA, monomethylarsonic acid; iAs, inorganic As.

All models were adjusted for creatinine. Additionally, each model was adjusted for different confounders and covariates (See Tables S4.1, S4.2 and $4.3).
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Figure S3: Sensitivity analysis: Adjusted association between prenatal As metabolism (assessed by calibrated® As metabolite percentages and principal components) and children’s
neurodevelopment assessed by the McCarthy test scores at 4-5 years of age: main models and with exclusion of special cases. (INMA Project, Spain).
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Note: Percep- perf: perceptive-performance; Only optimal MSCA assess: only optimal McCarthy assessment; %DMA, percentage of dimethylarsinic acid; % MMA, percentage of monomethylarsonic acid; %iAs, percentage
of inorganic As.

2 As metabolite concentrations corrected for arsenobetaine and creatinine concentrations.
Each model was adjusted for different confounders and covariates (See Tables S4.1, S4.2 and S4.3).
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Figure S4 Sensitivity analysis: Adjusted association between calibrated? and non-calibrated As metabolite percentages and children’s neuropsychological development assessed by the
McCarthy test scores at 4-5 years of age. INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008).
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Note: Percep-perf: perceptive-performance; %DMA, percentage of dimethylarsinic acid; % MMA, percentage of monomethylarsonic acid; %iAs, percentage of inorganic As.

2 As metabolite concentrations corrected for arsenobetaine and creatinine concentrations.

The models which use the non-calibrated percentages as the exposure variable were adjusted for creatinine. Additionally, each model was adjusted for different confounders and covariates (See Tables S4.1, S4.2
and S4.3).
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Figure S4 Sensitivity analysis: interactions of maternal smoking habit and log2 MMA on the association with several
scales of the McCarthy test evaluated at 4-5 years of age. INMA Project (Valencia and Gipuzkoa, Spain. 2003-2008).
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ANEXO 2:

Respuesta a revisores de las publicaciones
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ARTICULO |

Title: Prenatal manganese exposure and neuropsychological development in early childhood

in the INMA cohort.

Manuscript number IJHEH_2019_752

Editor
| have completed my evaluation of your manuscript. The reviewers recommend

reconsideration of your manuscript following revision. | invite you to resubmit your manuscript

after addressing the comments below.

Comments of Reviewer 1

The investigation of this paper is thorough and even though the results are null, | am glad to
see the data being reported to inform future research!

When reading the paper the wording "negative but not significant" was used several times
to describe the relationship between prenatal Mn and neurodevelopment. While this is true
and may be appropriate for the results section, it was a little misleading in the discussion
section. | wouldn't put too much stress on the negative finding since it was not statistically
significant or even marginally significant. Rather, | would suggest focusing on the fact that

there was a null finding (which is still very important to report).
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homeostatic ranges: “This disparity between the results of our study and findings in other
works may be due to the fact that Mn concentrations in our population (GM [95%Cl] =1.50
[1.48-1.53] ug/L in maternal serum) could be within a normal/homeostatic range, in which this
compound behaves as an essential element”. Furthermore, in the Discussion we have added
some information about the exposure to Mn in the Spanish general population. So, the results
of the present study can be contextualized in non-contaminated areas; Discussion section,
page 18: “Exposure to Mn through drinking water in the Spanish general population is low
(approximately 99% of water supply controls were below the WHO guide value of 400 ug/L)
(Palau Miguel et al., 2008). In addition, the daily intake of Mn estimated in some studies is
situated within the range of the adequate daily requirement proposed by the WHO (2—-5 mg per
day) (Gofii and Hern, 2019; Rubio et al., 2009; World Health Organization, 1996)”.

Since these were pregnant women, was prenatal vitamin usage considered in the models
since they contain a variety of beneficial nutrients for the fetus? Maybe those who
consumed foods rich in Mn also adhered to a prenatal vitamin regime which provided some
protection against elevated Mn absorption.

Following the reviewer’s recommendation, we have calculated a bivariate linear regression
model with the variable “maternal serum Mn levels” as the outcome and the variable
“multivitamin supplementation until 12th wg” (categorized as “No” and “Yes”) as the
predictor. Women who took multivitamins had lower Mn concentrations than women who did
not take them. We have added these results to Table 1. We tested the variable for the
multivariate model because the p-value in the bivariate analysis was <0.20. The variable was
tested in two multivariable models (basal model and the multivariate model, which include
dietary variables).

The result was the following:

Basal model
Beta 95%Cl p-val
Maternal working status
Non-working
Working -0.05 -0.11 0.01 0.08
Multivitamin supplementation until 12 wg -0.05 -0.11 0.01 0.13
[ref: No]
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Model with

Beta 95%Cl p-val
dietary variables
Maternal working status
Non-working
Working -0.06 -0.11 0.00 0.05
Dairy products 0.00 -0.01 0.01 0.70
Eggs? -0.08 -0.34 0.18 0.53
Meat 0.01 -0.04 0.05 0.68
Seafood and shellfish 0.00 -0.07 0.06 0.92
. 0.00 -0.01 0.01 0.91
Fruits
Vegetables 0.00 -0.03 0.02 0.71
Nuts 0.22 0.02 0.42 0.04
-0.05 -0.15 0.04 0.27
Legumes
Potatoes -0.03 -0.10 0.03 0.35
Cereals and bread -0.01 -0.05 0.02 0.49
Coffee and others infusions? 0.01 0.00 0.02 0.08
Multivitamin supplementation until 12 wg -0.05 -0.11 0.01 0.11

[ref: No]

The variable “multivitamin intake during the first trimester of pregnancy” was not included in
the final adjusted model because the p-value obtained in the likelihood ratio test was >0.1.
Moreover, we have tested whether this variable could be an effect modifier by including the
interaction between Mn and “multivitamin intake during the first trimester of pregnancy” in
both main models (mental and psychomotor). In both cases, the interaction p-value was >0.05
(0.95 on the mental scale and 0.84 on the psychomotor scale). We have added the information

about the new analysis in the Methods and Results sections.
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How was missing data handled?
The percentage of missing data for the majority of the variables was below 2.5%, so we did not

impute these values (the data can be seen in the following table).

Variable N of missing data % of the total sample
Paternal education level 8 0.68%
Maternal working status at 12 wg 2 0.17%
Child sex 2 0.17%
Nuts consumption at first trimester of pregnancy 13 1.10%
Multivitamin supplementation until 12 wg 29 2.46%

Nevertheless, the variable “maternal ferritin serum at 12 wg” had 100 missing cases (which
accounts for 8.48% of the total sample). This missing data can lead to a loss of statistical power
in the model where we used this variable (model 2). We have added this limitation in the
Discussion section (Discussion section, page 21): “Another limitation is that the maternal
serum ferritin variable had 8.48% of missing data, which can lead to a loss of statistical power

in the model where this variable was included.”

The inclusion of Fe and Se is important for this study of Mn exposure. How did the Se levels
relate to the general population, were they higher?

In our population, the mean of maternal serum Se levels measured in the first trimester of
pregnancy was 79.8 ug/L (standard deviation: 9.5ug/L). The safe range of Se for human health
has been established around 60-140 pg/L (Fairweather-Tait et al., 2011), so the levels in our
population are within this safe range. Other studies have reported the Se concentrations in the

Spanish general population:

Study Area of Spain Biomarker Se levels, pg/L [Mean (sd)]

Sanchez (2010) Southern Spain Plasma Total population: 82.7 (48.3)
Women: 80.5 (44.1)

Torra (1997) Northeast Spain Serum Total population: 80.7 (10.0)
Women: 77.1 (12.5)

Adame (2012) Southern Spain Serum Total population: 76.6 (17,3)
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Women: 67.3 (10,7)

Diaz (2001) Canary Islands Serum Total population: 74.7 (25.2)
Women: 75.2 (25.1)

The maternal Mn Se levels in our study were similar to those studies carried out in different

areas of Spain.

Can any potential recommendations about diet during pregnancy be made based off of this
work?

The authors consider that diet recommendations cannot be made based only on the results of
the present study. In our context, where the exposure to Mn from water consumption and diet
is low, Mn levels seem to remain within a homeostatic range. Nevertheless, we consider that
more prospective epidemiological studies would be necessary in order to improve our
knowledge about the safe range of Mn during pregnancy and which factors can affect this
homeostatic mechanism. All this information could be useful to establish contextual dietetic

recommendations.
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Comments of Reviewer 2

The study investigated prenatal exposure to Mn in the first trimester and BSID scores at age 1
year in a relatively large sample in Spain. The results are likely to be influential to the literature
of Mn exposure and child neurobehavioral development. Still, several limitations need to be

addressed before it is acceptable for publication.

1. The differences of exposure assessment in prior epidemiologic studies are not trivial. The
manuscript, as written, mentioned blood vs serum biomarker, first trimester vs delivery or
cord Mn levels, and one-time vs repeated measures. These discussions need to be

strengthened to include the following:

a) The distribution of Mn in whole blood, and the reliability of blood vs serum Mn;

b) The metabolism of Mn in the body as related to Mn tissue level vs biomarker level;

c) The physiology of Mn during pregnancy and why timing of Mn exposure may matter;

d) The placenta transfer of Mn and the difference of using maternal vs cord Mn.

: “After absorption, Mn is rapidly distributed to the
organs through the blood. The liver is the main organ that regulates Mn levels in the body.
Excess Mn is sequestered by the liver and excreted into the bile, maintaining an adequate
physiological level of Mn in the plasma. For this reason, Mn has a short half-life in blood and
plasma/serum, resulting in a weak relationship between indicators of Mn exposure and Mn
status (EFSA Panel on Dietetic Products Nutrition and Allergies, 2013; Zheng et al., 2011).
However, Mn serum concentrations seem to be slightly sensitive to large variations in Mn
intake, but this fact is not conclusive (Institute of Medicine (US) Panel on Institute of Medicine
(US) Panel on Micronutrients, 2001). In 2013, the European Food Safety Authority concluded
that, due to the efficient homeostatic mechanism, there was no reliable biomarker of Mn
status, thus resulting in a weak relationship between indicators of Min exposure and Mn status
(EFSA Panel on Dietetic Products Nutrition and Allergies, 2013; Lucchini et al., 2015)".
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c¢) The physiology of Mn during pregnancy and why timing of Mn exposure may matter.
Discussion section, pages 17-18: we have added a paragraph explaining in greater depth the
physiology of Mn during pregnancy: “Differences between the present study and previous ones
as regards sample collection could also be influencing the heterogeneity of the results. In most
of the previous studies, Mn concentrations were measured in the final period of pregnancy or
at birth. It has been observed that there is a tendency toward increased maternal Mn levels
during pregnancy (Spencer, 1999; Takser et al., 2004), probably related to a higher intestinal
absorption of this element due to the physiological iron deficiency during this period (Abbassi-
Ghanavati et al., 2009; Finley, 1999)”.

d) The placenta transfer of Mn and the difference of using maternal vs cord Mn.

Mn is an essential nutrient that is required for fetal development, so there is a good transfer of
this element from mother to fetus via the placenta. In fact, the concentrations in cord blood
have been observed to be consistently higher than in maternal blood (Arbuckle et al., 2016;
Krachler et al., 1999; Takser et al., 2004), probably due to an active transport through the
placenta (Krachler et al., 1999) or a more deficient homeostatic mechanism in fetuses than in
adults (Aschner and Aschner, 2005). This fact and the medium-weak correlation between
maternal Mn blood and cord blood Mn concentrations observed in several studies (Guan et al.,
2013; Krachler et al., 1999; Zota et al., 2008) could be suggesting that cord blood Mn
concentrations would be a better biomarker of prenatal exposure to Mn than maternal blood,
but only for the last period of pregnancy due to the short half-life in blood (Agency for Toxic
Substances and Disease Registry, 2012; Zheng et al., 2011). As the vulnerability of the central
nervous system extends from the beginning of pregnancy until adolescence, it would be more
appropriate to measure Mn in several time points during pregnancy and birth.

Information about this topic has been added to the Discussion section (page 18 and 21 [in
limitations of study]).

2. Background exposure to Mn in Spain needs to be discussed. Comparison with literature on
Mn levels in environmental media, diet, and other sources can be provided to determine the

representativeness of this study sample regarding Mn exposure.

As the reviewer has suggested, we have added some information about the background
exposure to Mn in Spain (Discussion section, page 18): “Exposure to Mn through drinking
water in the Spanish general population is low (approximately 99% of water supply controls
were below the WHO guide value of 400 ug/L) (Palau Miguel et al., 2008). In addition, the daily
intake of Mn estimated in some studies is situated within the range of the adequate daily
requirement proposed by the WHO (2-5 mg per day) (Gofii and Hern, 2019; Rubio et al., 2009;
World Health Organization, 1996)”.

3. Discussion is needed regarding postnatal exposure to Mn, which cannot be neglected due

to its potential role influencing Mn toxicity up to first year of age.
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“As the vulnerability of the central nervous
system extends from the beginning of pregnancy to adolescence, it would have been more
appropriate to measure Mn at several time points during pregnancy, birth and the postnatal
period. Infants are exposed to Mn mainly from their diet. As the Mn concentrations in breast
milk are low (EFSA Panel on Dietetic Products Nutrition and Allergies, 2013), formula milk
seems to be the main contributor to infants’ Mn body burden (Frisbie et al., 2019) Thus, both
prenatal and postnatal exposure to Mn could be affecting children’s neuropsychological
development. In the present study we have not assessed the postnatal exposure to Mn.”

4. The dynamic of neurobehavioral development goes on beyond infancy. Interpretation of
the results needs to be framed in the context of exposure levels, lack of postnatal exposure

assessment, and continuum of brain development.
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ARTICULO Il

Title: Urinary arsenic species and methylation efficiency during pregnancy:
concentrations and associated factors in Spanish pregnant women

Reviewers' comments

Reviewer #1

This study by Soler-Blasco et al. investigated dietary and demographic predictors of speciated
urinary arsenic in a cohort of pregnant women in Spain. This is an important topic which merits
investigation, and the large sample size is a major strength. However, | do have some concerns
about the presentation of the results and the authors’ interpretation of the results, which are
outlined below.

We thank the reviewer for all his/her suggestions and the recommended references. The
authors have tried to improve the manuscript following the reviewers suggested. The specific

points raised by the reviewer are addressed below. We have tracked changes in the text.

Highlights

“Tobacco consumption and body mass index were related with the As methylation”. It would be
nice to see this split into 2 different highlights which each provide more detail about the specific
associations observed.

As the reviewer has suggested, we have separated this highlight in two in order to provide
specific details about the relationships between these variables and the As metabolism.
Highlights

e Tobacco consumption was associated with worse As methylation.
e Higher body mass index was related to better As methylation.

Abstract

Background

The authors state that diet is the main source of exposure to arsenic. However, this is

very population-dependent. Please consider rewording to acknowledge that
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drinking water is also a major source of exposure for many populations.

We have added this information to the abstract.

Arsenic (As) is considered to be toxic for humans, the main routes of exposure being

through drinking water and diet.

“This element and its compounds are biotransformed in the body producing
different metabolites”. This wording is a bit awkward. Please consider rewording to
“once ingested, inorganic arsenic can be methylated sequentially to monomethy!
and dimethyl arsenicals” or something similar.

As the reviewer has suggested, we have reworded this sentence in the abstract.

As currently worded, the objectives presented in the Abstract do not add much to
the current literature. The concentrations of different arsenic species and their
associated factors have previously been described for pregnant populations (e.g.,
PMID: 32719440, 31690343, 28553665, 30068932, 14644662, 21078382). It would
be helpful if the authors were more specific about what this particular study adds to
the existing literature.

In the objectives, we have added the specific population where the study was
carried out: “Objectives: To describe the urinary concentrations of the different As
species and evaluate the methylation capacity during pregnancy, as well as their
associated factors in a birth cohort of Spanish pregnant women”.

Currently, little is known about prenatal arsenic exposure and As metabolism in
low-exposure areas, such as Spain. The authors of the study consider that the
present study can contribute to improve the knowledge about 1) As concentrations
and its metabolites in a large population with high consumption of seafood and rice
and, also, the factors associated to these urinary levels; 2) the As metabolism
efficiency, evaluated through two approaches (in order to improve the
comparability with previous studies), and the factors associated with the

metabolism efficiency (including the OCM nutrients estimates and other elements).

Results:

Does total arsenic refer to the sum of iAs, MMA, and DMA or to the sum of iAs, MMA,

DMA, and AsB?

Total As has been determined by a different analytical method to that employed with

the species, as is explained in the methods section. This concentration was determined
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by introducing the whole (diluted) sample into the ICPMS, without separation by HPLC
(high performance liquid chromatography). Therefore, it has not been calculated for the

sum of the species.

Do rice and seafood consumption refer to any consumption during the pregnancy? Or

over the past year? Or to specific quantities or frequencies? Please be more specific.

We have added more specific information about dietary variables, both in the abstract

and in the manuscript.

e Abstract, Results: “Daily consumption of rice and seafood during the first trimester
of pregnancy was positively associated with the concentration of As species”.

e Material and methods section, Covariates, Dietary variables (page 2): “Information
on diet during the first trimester of pregnancy was obtained from a 100- item semi-
quantitative food frequency questionnaire (FFQ) completed at the time of sampling.
The dietary information covered the time from the last menstruation to the first
prenatal visit that occurred between weeks 10 and 13 of pregnancy. This FFQ was
validated with good reproducibility for nutrient and food intake (Vioque et al., 2013).
The items had nine possible responses, ranging from ‘never or less than once per
month’ to ‘six or more per day’. A commonly used serving size was specified for each
food item in the FFQ. This was converted to average daily intake in grams for each

individual participant”.

Please be specific about which arsenic metabolites were associated with vegetable
and legume intake. Also, please specify if you are referring to “ever intake” during
pregnancy or some other measure of intake.

We have added information about the As species associated with vegetables and
legumes consumption. Also, in the previous sentence where the consumption of
rice and fish is mentioned, reference is made to the frequency of food
consumption, as well as the period when they were evaluated (it refers to all the
food groups studied):“Daily consumption of rice and seafood during the first
trimester of pregnancy were positively associated with the concentration of As
species (i.e., 6 [CI95%]= 0.36 [0.09, 0.64] for rice and iAs, and 1.06 [0.68, 1.44] for
seafood and AB). TAs, AB and iAs concentrations, and DMA and MMA
concentrations were associated with lequmes and vegetables consumption,

respectively”.

”
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Please also provide relevant effect estimates/test statistics for results presented in
the abstract.

We have added a couple of effect estimates coefficients: “Daily consumption of rice
and seafood during the first trimester of pregnancy were positively associated with
the concentration of As species (i.e., 8 [CI95%]= 0.36 [0.09, 0.64] for rice and iAs,
and 1.06 [0.68, 1.44] for seafood and AB)” .

How are you defining higher methylation efficiency?
We have added the following information about the definition of higher
methylation efficiency:

e Abstract, Results section: “Non-smoker women and those with higher body mass
index presented a higher The—consumption—oftobacco—anrd—theBMi—were—giso
associgted-with-the-methylation efficiency (denoted by a higher %DMA and lower %
MMA)”.

Discussion:

Consider rewording “the rice and seafood consumption were the major contributors
to...” to something such as “of the variables considered, rice and seafood consumption
were the largest contributors to...”. Also, what is this based on? R-squared? The
magnitude of the effect estimate? Or another measure? This should be stated here.

The contribution of each variable to the As concentrations was based on the regression
beta coefficient and 95%Cl (higher effect estimate coefficients). We have added some
of these effect estimates coefficients in order to facilitate the interpretation of the
results shown in the abstract. Also, considering the reviewer's suggestion and another
reviewer's comment, the discussion section of the abstract has been changed, in

accordance with a suggestion made by another reviewer.

More details about the associations for tobacco smoke and BMI are needed. Were
these variables associated with As methylation profiles that are indicative of increased
or decreased metabolism?

We have added this information: “Non-smokers women and those with higher body

mass index presented a higher The—consurption-oftobacco—andtheBil-were—aiso
associated-with-the methylation efficiency”.

“Further birth cohort studies in low exposure areas are necessary to improve knowledge
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about the arsenic exposure and its potential health impact”. Several pregnancy birth
cohorts studying arsenic in low-exposed populations already exist. Please be more
specific about the types of studies that are needed.

We have added some information about the type of studies that the authors think that
are necessary: “Further birth cohort studies in low exposure areas are necessary to
improve knowledge about arsenic exposure, especially of inorganic forms, and its

potential health impact during childhood”.

Introduction
The introduction is very long. I’'m not sure that the first 2 paragraphs are needed.
Following the reviewer’s advice, we have tried to abbreviate the introduction, by merging the

information in the first two paragraphs into a single more abbreviated one.

“In certain regions, where the As concentrations in soil are naturally elevated, such as in
Bangladesh, China, Taiwan, India, Argentina, Chile, México, Vietnam, Australia and USA, the
main exposure route for inorganic forms of this element is through drinking water”. As worded,
it sounds like the authors imply that drinking water is the main source of exposure to arsenic for
these countries, but that is not universally true for all of the countries listed.

We appreciate the reviewer’s comment. We have reworded this paragraph in order to improve
the explanation about the main routes of exposure of iAs.

Introduction section, (page 5): “The main route of exposure to inorganic forms of As is through
diet. In some areas of Bangladesh, India, Vietnam, China, Argentina, Chile, México, Australia and
USA, the As levels in grewndwater—drinking water are above the maximum guideline value
recommended by the World Health Organization (WHOQ) in 2003 (10 ug/L) (World Health
Organization, 2017), water consumption being the main exposure route for iAs. In regions with
low As levels in water, such as Spain, the main source of exposure to inorganic As (iAs) is rice

(European Food Safety Authority, 2014)”.

“In regions with low As levels in water, such Spain, the main exposure route is through the diet”.
Please provide a supporting reference for this statement.

We have reworded this sentence: “In regions with low As levels in water, such as Spain, the
main source of exposure to inorganic As (iAs) is rice consumption (European Food Safety

Authority, 2014)”.
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“Some nutritional factors seem to increase the efficiency of iAs methylation, especially
micronutrients involved in the one-carbon metabolism (OCM), such as zinc (Zn), Bs and B::
vitamins and folic acid (Kurzius-Spencer et al., 2017; Laine et al., 2018).” Zinc is not a OCM
nutrient and should be listed separately. Also, there have now been randomized clinical trials
supporting the above statement for folate, which merit reference (PMID: 17093162,
30590411). There is also evidence that betaine and choline (also involved in the OCM pathway)
influence arsenic metabolism (PMID: 32918135, 30590411). These nutrients may also be
important and should be referenced here.
We thank the reviewer for the suggestions. We have separated Zn from the description of OCM
nutrients. We have also referenced choline and betaine as OCM nutrients, adding the following
reference (Heck et al., 2007). Finally, we have added the references of the randomized clinical
trials which evaluate the effectiveness of folate supplementation in As metabolism.
e Heck JE, Gamble M V., Chen Y, Graziano JH, Slavkovich V, Parvez F, et al.
Consumption of folate-related nutrients and metabolism of arsenic in Bangladesh.

Am J Clin Nutr. 2007;85(5):1367-74.

“Arsenic absorbed by the gastrointestinal tract is biotransfomed mainly in the liver”. Please
provide a supporting reference.
We have added a supporting reference:
e Drobnd, Z., Walton, F. S., Paul, D. S., Xing, W., Thomas, D. J., & Styblo, M. (2010).
Metabolism of arsenic in human liver: The role of membrane transporters. Archives of

Toxicology, 84(1), 3—16.

“Regarding organic forms, AB is excreted unchanged in urine, but the biotransformation of
arsenosugars or lipid soluble As species is less well understood (European Food Safety Authority,
2009). The supporting reference is old. Please consider using an updated reference. There is
evidence that arsenosugars and arsenolipids are biotransformed to dimethyl arsenic.

We have added the information proposed by the reviewer and some recent references about
the metabolism of arsenosugars and arsenolipids.

Introduction section, (page 6): “Regarding organic forms, AB is excreted unchanged in urine,
but other organic forms, such as the-bietransformetion-of arsenosugar and arsenolipid Hpid
seluble-As species present in seafood, seem to be metabolized producing DMA istess—wel
whderstood (European Food Safety Authority, 2009; Molin et al., 2012; Taylor et al., 2017)”".
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“In this scheme, ingested iAs is reduced (from arsenate -iAsv- to arsenite -iAsu-) and methylated,
to monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA), being S-adenosylmethionine
(SAM), the main donor of methyl group (Cullen, 2014).” There is also human evidence
supporting the role of SAM as a methyl donor for As metabolism (PMID: 24598884)

We appreciate the reviewer’s suggestion. We have added the reference PMID: 24598884 to

support this sentence.

“After this biotransformation process, iAs is excreted through the urinary system as DMA (60-
80%), MMA (10-20%) and iAs (10-30%).” Please provide a supporting reference.
We have added the following reference to support the statement:
e Vahter ME. Variation in human metabolism of Arsenic. In: Chappell W, Abernathy C,
Calderon R, editors. Arsenic exposure and health effects. Oxford: Elsevier Science;

1999.

“The relative concentrations of each metabolite reflect the individual iAs methylation capacity”.
This is not necessarily true. The metabolite concentrations may also reflect dietary sources,
especially in populations exposed to low levels of As through drinking water.

We have clarified this sentence.

Introduction section (page 5): “These relative concentrations ef-each—etabolite reflect the iAs
methylation efficiency, indicated by a high %DMA and lower %MMA and %iAs, especially in
populations exposed to high levels of iAs through drinking water—(M. E. Vahter, 1999)”.

We have not added any more information about the dietary source of the As metabolites in an
attempt to keep the introduction section as concise as possible. However, we have explained in
the discussion section how the consumption of some foods, such as fish, can also influence the

concentrations of certain metabolites.

“Therefore, the aim of this study is to describe the concentrations of total As (TAs) and the
different urinary As species (DMA, MMA, AB and iAs) and the methylation capacity during
pregnancy in Spain.” Demographic and dietary predictors of arsenic and arsenic metabolism
have been examined in other pregnant populations (e.g., PMID: 32719440, 32007748). It may
be worth explaining why it is important to address this question in this particular population.

The authors consider that this study may contribute to the literature with some important
guestions. Firstly, as far as we know, this is the European study with the largest sample size up
to now that has analysed the different As species concentrations in urine and the As

metabolism efficiency in pregnant women. We believe that this information is relevant, because
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the As exposure has not been extensively studied in areas with low As exposure through water,
such as in Spain. Further knowledge about the sources of exposure to As, especially for the
inorganic forms, in certain populations, could help to develop dietary recommendations for
pregnant women in these areas in order to avoid the possible deleterious effects.

We have modified the objective of the study by including the country where it was conducted
and we have added more information about the importance of the results in the discussion:
Discussion section (page 22): “The major strength of the present study is the analysis of As
speciation in a considerably large sample size. In fact, as far as we know this is the largest
European study describing As species concentrations and methylation efficiency in pregnant

women”.

“Some nutritional factors seem to increase the efficiency of iAs methylation, especially
micronutrients involved in the one carbon metabolism (OCM), such as zinc (Zn), B6 and B12
vitamins and folic acid (Kurzius-Spencer et al., 2017; Laine et al., 2018)”. As mentioned above,
Zn is not part of the OCM pathway. Please reword. Also, the evidence for folic acid is very strong
and supported by RCTs in addition to a large amount of observational data, which should be
referenced here. The evidence for B12 is indeed mixed, but few of those supporting studies are
included here. And for B6, several observational studies have now supported a possible
association between this nutrient and arsenic metabolism, beyond the one study (Kurzius-
Spencer) that is listed here (e.g. please see PMIDs: 29070711, 31913474, 28479390).

We have separated Zn from the description of OCM nutrients, and we have added the
references of the randomized clinical trials that evaluate the effectiveness of folate
supplementation in As metabolism.

We have also added the references suggested by the reviewer that support the influence of
vitamins Bs and B, in As metabolism.

Our most sincere thanks go to the reviewer for suggesting all these references that are helping

to notably improve this work.

Methods:

The authors note that the main reason for non-participation in the current study was the lack of
arsenic speciation measures due to limited funding. How were participants selected for these
measures? Was it solely based on sample availability? Or were there other selection criteria?

These details should be included.
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The urinary samples of the pregnant women were selected taking into account that we had
longitudinal information about their children until 2 years old. We followed this selection
criterion in order to assess the potential health effects during childhood related to prenatal As
exposure in further works. Among the total samples that met this criterion, we randomly
selected a smaller number of samples, due to the limited funding available for this project.

We have added this information in the manuscript.

Materials and methods section, Study population (page 7): “The final study population was
made up of 1017 mothers with available urinary arsenic species concentrations at first trimester
of pregnancy (69.4% of total recruited participants). These mothers were selected taking into
account two criteria: 1) availability of longitudinal information about their children until 2 years-
old (in order to assess the potential health effects of prenatal As exposure in further studies), and

2) among the women who met the first criterion we randomly selected a subsample of 1017 due

to limited funding for the As analysis.

“Different analyses were performed to detect any differences between the included and
nonincluded population”. This is very vague. What analyses were performed?

We have now added information about the analyses performed in the text.

Materials and methods section, Statistical analysis (page 10): “Descriptive and bivariate analyses
using Fisher's Exact Test for categorical variables and Kruskall Wallis Test for continuous
variables were performed in order to detect any differences between the included and the

excluded populations”.

Were any duplicate samples sent out for arsenic speciation analyses? If so, what were the
%CVs?

No duplicate samples were sent out for arsenic speciation analyses. However, as a quality
control, 102 of the 1017 samples analysed were re-analysed, which represents 10%. These

second measurements matched the first measurement on average in 100 + 3 cases %.

“When the difference was larger than 15%, either the total arsenic or the speciation analysis
was repeated”. What number and % of samples needed to be repeated?
The number of samples that presented this variation, and for which the analysis was repeated,

was 102 (10%).
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For the BMI categories presented, did the “low healthy weight” category include women who
were underweight (BMI<18.5)? If so, perhaps reword this category.

We thank the reviewer for noticing this mistake. We have reworded the category in order to
avoid misunderstandings.

Materials and methods section, Sociodemographic variables (page 8): “body mass index (BMl,
kg/m?) before pregnancy (continuous and categorized by low and healthy weight [<25],
overweight [25-<30], obesity [>30])”.

“Additionally, dietary folate, folic acid, B:zand Bsvitamins, iron (Fe) and Zn intake were estimated
using the food composition tables of the US Department of Agriculture (U.S. Department of
Agriculture: Agricultural Research Service USDA, 2007) and with Spanish sources (Palma et al.,
2008).” Could choline and betaine intakes also be calculated? These nutrients are important
methyl donors that are also involved in the OCM pathway, and there is evidence that they may
influence arsenic metabolism (PMIDs: 27565879, 32918135)

Unfortunately, we do not have the estimated choline and betaine intakes for the pregnant
women of the INMA cohort. We have added this fact as a limitation of our study:

Discussion section (page 22): “This study has several limitations (...) 3) the present study lacks
information on some important nutrients involved in OCM and related to As metabolism, such as

choline and betaine, and so the influence of these variables could not be tested”

Was Spanish the primary language of all participants? If not, were questionnaires offered in
other languages if needed?
In the two areas used in the study, the official language was Spanish. Nevertheless, in the

Gipuzkoa cohort, the questionnaires were also offered in the co-official language (Basque).

| would recommend the use of directed acyclic graphs or other hypothesis-driven approaches to
inform covariate selection for statistical models, rather than solely relying on data-driven
approaches.

We thank the reviewer for this suggestion. We have not used the directed acyclic graphs for the
selection covariates, but our statistical method is not only based on data-driven approaches. In
fact, the first step to select the variables that could be related to the As concentrations was a
thorough literature review about this topic. Then, the potential variables were selected through
the statistical analysis described in the manuscript.

We have added this specific information in the Covariates section (Study variables and sources

of information). Moreover, we have included some references about factors related to As
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exposure and metabolism (page 8): “We selected the covariates used in this study from the
previous literature on this topic (European Food Safety Authority, 2014; Nigra et al., 2019;
Saxena et al., 2018; Shen et al., 2016; C.-H. Tseng, 2008)".

“Although food intake variables were mutually correlated (Figure S1), we found no collinearity
among them”. How was collinearity evaluated? It would be nice to see a similar correlation plot
in the supplement for the nutrients that were examined.

Collinearity was evaluated with the Variance Inflation Factors in the final models. We have
added a bit more information about how collinearity was evaluated in the last paragraph of the
Statistical Analysis section.

Material and methods section, Statistical Analysis (page 12): “Variance inflation factors (VIFs)
were used as a check for collinearity among variables in the final models, all VIFs being <2.5”.
Moreover, as the reviewer has suggested, we have added a correlation plot for estimated

nutrients in the supplementary material (Figure S2).

Was specific gravity measured? Can you compare results adjusting for specific gravity instead of
urinary creatinine? Urinary creatinine is related to muscle mass, sex, and diet, and has itself
been associated with arsenic metabolism (PMID: 16002357). Correcting arsenic measures for
creatinine may therefore complicate interpretation of the results.

Unfortunately, we have not information about specific gravity. In the present analysis we have
used the approach proposed by Barr et. al, including creatinine concentrations in multivariate
models of the association between As species concentrations and the related factors as a
separate independent variable (Barr et al.,, 2005). When the dependent variables were the
percentages of As species, the As metabolites were calibrated by arsenobetaine and adjusted
for creatinine concentrations by regressing As metabolites against creatinine and
arsenobetaine. In the discussion section we have added the limitation of using creatinine
concentrations to control for urinary dilution:

Discussion section (page 22): “This study has several limitations (...) 4) finally, we used creatinine
concentrations to control for urinary dilution. Creatinine concentrations seem to be associated
with As metabolism. To control for this effect, we used the approach proposed by Barr et. Al
(2005), including the creatinine concentrations in the multivariate models as a separate
independent variable. Nevertheless, due to the complexity of the interrelations between As
metabolism, micronutrients and creatinine, the interpretation of the factors associated with As

metabolism should be taken with caution”.
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“The validity of the regression models was tested by residual analyses”. This is a bit confusing.
Do the authors mean something like the following?: “To check whether linear regression
assumptions were met, we visually inspected model residuals for normality and
homoscedasticity”.

We have modified this sentence following the reviewer’s suggestion.

Results:

“Consumption of fish showed a clear increasing trend with AB and TAs concentrations” Ever vs.
never consumption? Or was this evaluated differently?

In order to clarify this point, we have added the following information about this variable.
Results section (page 13): “Consumption of fish (< 1 serving per week, 1 serving per week, > 1

serving per week) showed a clear increasing trend with AB and TAs concentrations”.

“Consumption of more than 1 serving per week of rice increased DMA, MMA and iAs
concentrations”. As worded, this implies causality.

We have reworded this sentence following the reviewer’s suggestion.

Results section section (page 13): “Consumption of more than 1 serving per week of rice was

associated with an increase in DMA, MMA and iAs concentrations”.

“Regarding the association with micronutrients involved in one-carbon metabolism, only the
estimation of Zn daily intake was positively associated with %DMA”. Zn is not an OCM nutrient.
We have reworded this sentence in order to separated Zn from the description of OCM

nutrients in the results.

“No other elements, such as serum Se or Mn concentrations or estimated folate, Bs and Bi:
vitamin intake were related with any As metabolite percentages (data not shown)”. It would be
nice to see these data. Please consider adding the results to the supplement.

We have added the bivariate analysis of the methylation efficiency (evaluated by calibrated
percentage of As metabolites and the two principal components) and estimated nutrients
intake (adjusted by calories) as well as essential and toxics elements in the supplementary

material (Table S3).
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Results section (page 15):

We have commented on the table in the Results section (page 15): “Regarding the estimated

nutrients, isr, only the
estimation of daily intake of Zn was positively associated with %$DMA in the bivariate analysis
(Table S3), and this association continued to be present in the multivariate model, although in a
marginal way (6 [95%Cl]: 7.71 [-1.39, 16.81]). The micronutrients involved in the one carbon
metabolism evaluated (estimated folate and vitamins Be and B, intake) and other elements

evaluated (serum Se and Mn concentrations) were not related to As metabolite percentages in

the bivariate or the multivariate analyses (Table S3)”.

It would be helpful to know the N (%) of participants who were not consuming sufficient
guantities of the nutrients evaluated and also the N (%) of participants who were consuming
nutrients above recommended intake levels if relevant (e.g., above UL for folate). Could these
details be added to a supplemental table?

As the reviewer recommended, we have added information in Table S1 about the percentages
of women who were below and above of the Dietary Reference Values for vitamins Bs and By,
folate, Fe and Zn, using the references values for pregnant women (the Population Reference
Intake for Fe, Zn and vitamin Be and adequate intake for folate and vitamin B1,) of the European
Food Safety Authority (European Food Safety Authority, 2019)(The National Academies of
Sciences, Engineering, 2019)(The National Academies of Sciences, Engineering, 2019)(The
National Academies of Sciences, Engineering, 2019)(The National Academies of Sciences,
Engineering, 2019)(The National Academies of Sciences, Engineering, 2019)(The National
Academies of Sciences, Engineering, 2019)(The National Academies of Sciences, Engineering,
2019). We have also added information about the percentage of women with anaemia at the

first trimester of pregnancy (serum ferritin lower than 15 pg/L) (Supplemental, Table S1).

It would also be interesting to know the N (%) of participants who were taking prenatal (or
other) vitamins during the pregnancy. If a sufficient number of participants were not taking
prenatal vitamins in early pregnancy, this would also be an interesting variable to examine in
relation to the arsenic species.

We thank the reviewer for this suggestion. In our population, only 4% of the pregnant women
did not take any kind of vitamins during the period under study. We consider that the number
of participants who were not taking prenatal vitamins is too low to examine the association with

As species.
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Discussion:

The headers in the Discussion section seem unnecessary.

We thank the reviewer for this comment but we would prefer to keep the subheadings in this
section because we consider that they are useful for understanding and following of the

discussion.

“However, we observed that As and its metabolites concentrations were slightly higher than
those observed in pregnant populations from regions with low As levels in water”. Please
provide a supporting reference for this statement.

Following the reviewer’s advice, we have moved this sentence to the section containing the
comparison with the results observed in the previous studies together with the respective
references.

Discussion section (page 16): “In our study, iAs and MMA urinary concentrations were higher
than in other studies carried out on regions with low levels of iAs in drinking water, such as some
areas of USA, Croatia, Slovenia and Canada (Howe et al., 2020; Stajnko et al., 2019, Vaughan
Watson et al., 2020). Conversely, in our study urinary AB concentrations were higher than in
other studies conducted in USA, the main reason probably being the high fish and seafood

consumption of the Spanish population”.

“A possible explanation seems to be related to the nutrients involved in the OCM (folate and
vitamin Bz, Zn, Fe, choline and methionine), which are closely related with a better metabolism
and excretion of As (Kurzius-Spencer et al., 2017).” Zn and Fe are not OCM nutrients. And folate
is not found in red meat. It is most abundant in leafy greens (or fortified foods or supplements).
Perhaps reword to “These associations may reflect nutrients found in red meat that have been
associated with As metabolism, such as Zn and Fe, and certain OCM nutrients, such as B12,
choline, and methionine”.

As a reviewer has suggested, we have reworded this sentence.

“A study carried out in USA showed a slightly better methylation among Hispanic people than
non-Hispanic white, African American and Chinese American people (Balakrishnan et al., 2018).”
A recently published study on another pregnancy cohort in the U.S. also reported evidence of
better methylation capacity among Hispanic compared with non-Hispanic women (PMID:
32719440).

We thank the reviewer for suggesting this reference. We have added the references and

commented on it in the discussion section. We have also added this study to Table 4.
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Discussion section (page 19): “A study carried out in USA showed a slightly better methylation
among Hispanic people than non-Hispanic white, African American and Chinese American people
(Balakrishnan et al., 2018). In the same way, a recent study has reported a better methylation
pattern (denoted by higher %DMA and lower %iAs) in US-born and foreign-born pregnant

Hispanic women, compared with non-Hispanic ones (Farzan et al., 2020)”.

“We did not observe any statistically significant association between As methylation efficiency
and the OCM nutrients concentrations (folate, vitamin Bi:and Bsor Zn) measured in our study.”
My understanding was that dietary intake levels (not concentrations) were evaluated for most
of these nutrients.-These null findings are also very interesting and merit some additional
discussion, especially in the context of the many other studies (both RCTs and observational)
that have observed evidence that OCM nutrients influence As metabolism (e.g., PMIDs:
30590411, 17093162, 24598884, 29070711, 31913474). What are the potential reasons for the
discrepancies? For example, across 4 different studies and populations (PMIDs: 29070711,
31913474, 28697391, 28479390) vitamin B6 has been associated with enhanced As metabolism
(although none of these previous studies were conducted in pregnant populations). It would be
interesting to hear some hypotheses from the authors about why B6 was not associated with As
metabolism in this Spanish cohort. Could it be due to the B6 levels in this population,
differences due to pregnancy status, or other population differences? There is also quite a bit of
evidence linking folate to As metabolism (both from RCTs and observational studies), especially
in populations with a high prevalence of folate deficiency (PMID: 30590411, 17093162,
24598884, 30068932). In contrast, null results have been observed in some studies of
predominately folate-sufficient populations (PMID: 29070711, 16140620). This may be due to
the fact that in some populations, dietary folate intake is in excess of recommended intake
levels due to the widespread use of supplements and the consumption of fortified foods (PMID:
29070711). The authors should provide some details about folate fortification in Spain and also
supplement use in Spain (and among pregnant women more generally) to help improve the
interpretation of these results. Some discussion about how baseline nutritional status can
impact nutrient-As metabolism relationships may also be helpful for interpreting these results
(PMIDs: 24598884, 32918135). Additionally (as noted above), Zn is not an OCM nutrient and
should be removed from this sentence. The Zn findings merit their own section in the
Discussion.

We thank the reviewer for his/her suggestions about the discussion of the OCM nutrients and
As metabolism. Because the next three comments are related to this topic, we have answered

them here.
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As one reviewer has suggested, we have added more information about the lack of relationship
between OCM nutrients and the As metabolism. We have now explained this point better in the
discussion.

Discussion section (page 21): “Previous studies observed an influence of some of these nutrients
on iAs methylation, such as folate and vitamin Bs and Bi» vitamins, which are involved in the
synthesis of S-adenosylmethionine (SAM), the main donor of methyl group in the iAs methylation
(Bozack et al., 2019; Gamble et al., 2005; Howe et al., 2017; Kurzius-Spencer et al., 2017).
However, the results for studies conducted on pregnant women populations have been
heterogeneous; thus, in a Mexican cohort, no association was observed between serum Bi;
vitamin levels and the percentages of the urinary arsenic metabolites (Laine et al., 2018). A
Bangladeshi pregnant women study showed a marginal negative association with plasma folate
and %iAs, but no association with Bi, vitamin was found (Li et al., 2008). Additionally, plasma
folate was inversely associated with the urinary percentage of As*® before delivery (Hall et al.,
2007). However, in that same cohort, an increase in methylation capacity through the pregnancy
was observed regardless of the women’s folate and vitamin Bi, status (Gardner et al., 2011). It
has been suggested that As metabolism is more efficient during pregnancy due to an increase in
the endogenous synthesis of the methyl-donor choline, to supply the high fetal demand mere

(M. Vahter,

2009). This specific process during pregnancy may lead to certain cofactors or methyl-donors,
such as folate, having a marginal influence on As metabolism (Gardner et al., 2011). Moreover, it
is possible that in well-nourished populations it is more difficult to observe the influence of the
one-carbon nutrients than in populations with nutritional deficiencies. In fact, Howe (2014)
showed a positive association between blood SAM and %MMA in folate- and cobalamin-
deficient participants, but this association was not found in the micronutrient-sufficient group. In
our populations, only 22%, 2% and 16% of women had estimated levels of vitamins Bs, B1> and
folate intakes, respectively, below the recommendations (European Food Safety Authority,
2019), and only 4% of the participants did not take folic acid supplements at the first trimester of

pregnancy”.

We have also added a new paragraph to discuss the Zn results.

Discussion section (page 21): “We also observed an association between the estimation of Fe
intake with the As metabolism efficiency, specifically with decreasing PC1. In experimental
studies, this element seems to diminish the bioaccessibility of As in the gut (Yu et al., 2016).
Nevertheless, in a randomized controlled trial study conducted with Mexican children, the

supplementation with Fe had no impact in the As metabolism (Kordas et al., 2017). In this same
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study, Zn supplementation was not related to better As metabolism. These results seem to be in
disagreement with those found in our study, where estimated Zn consumption was positively
associated with the %DMA, although the coefficients did not reach statistical significance.
Similarly to our findings, in an observational study conducted on Mexican women, the estimated
Zn intake was related to a decrease in %MMA and %iAs, and an increase in %DMA (Ldopez-
Carrillo et al., 2016). Zn is a necessary cofactor of betaine homocysteine methyltransferase
(BHMT; EC 2.1.1.5). This enzyme uses betaine as a methyl donor and Zn as a cofactor for the

remethylation of homocysteine to methionine (Millian & Garrow, 1998)”.

“In addition, it has been suggested that the As metabolism is increased through pregnancy due
to a more efficient maternal one-carbon metabolism in order to supply the high fetal demand
(Vahter, 2009).” One-carbon metabolism is a biochemical pathway, so this is worded a bit
strangely. It has been hypothesized that an increase in choline availability occurs during
pregnancy (due to increased PEMT activity) which is thought to be responsible for the apparent
increase in As methylation capacity.

We have answered this suggestion in the previous comment.

“This could be the reason of the inconsistency in the results related to OCM nutrients.” Some
studies of pregnant women have observed associations between OCM nutrients and arsenic
metabolism (e.g., 17938743), so I'm not convinced that pregnancy status completely explains
the null results here. Another potential explanation, which was not discussed, is population
differences in nutritional status. How did dietary intake levels for these particular nutrients
compare with other studies that evaluated nutrient-arsenic metabolism associations?

We have answered this suggestion in the previous comment.

“This study has several limitations. First, around 30% of the recruited participants were not
included in this study. This lack of participation was due to the unavailability of funding to
measure the As speciation in all urine samples.” How were participants selected for speciated
urinary As measures? Were they randomly selected among all who provided urine? If not, how
might this have impacted the results?

We have answered this suggestion in the next comment.

“Nevertheless, we did not find substantial differences on the characteristics between the

participant and no-participant populations” Please be more specific. What do you mean by

substantial differences? And how might those differences influence the results?
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As the reviewer previously suggested, we have added more information about the selection of
the participants.

Materials and methods section, study population (page 7): “The final study population was
made up of 1017 mothers with available urinary arsenic species concentrations at first trimester
of pregnancy (69.4% of total recruited participants). These mothers were selected taking into
account two criteria: 1) availability in longitudinal information about their children until 2 years-
old (in order to assess in further studies, the potential health effects of prenatal As exposure), 2)
among the women who met the first criteria we randomly selected a subsample of 1017 due to

limited funding for the As analysis”.

We have also reworded this point in the limitations paragraph, avoiding the term “any
substantial differences” and trying to explained better the potential influence of the differences
between the included and excluded population (page 22): “This study has several limitations: 1)
around 30% of the recruited participants were not included in this study and participants could

have a more privileged socioeconomic profile than non-participants. This fact could be related to

dietary habits that can lead to differences in exposure to different forms of As. Arether Fhistack

“Another limitation in our study could be related to the assessment of the As exposure at only
one time point during pregnancy. This could reflect only recent As exposure and it could be no
representative of overall pregnancy period.” What was the range for the gestational age at urine
collection? Was gestational age at urine collection examined as a possible predictor of urinary
As or the As metabolism indices? Given evidence that As metabolism changes during pregnancy
(PMID: 21078382, 14644662), this is worth examining.

We thank the reviewer for his/her suggestion. The median gestational age at sampling
(percentile 25,75) was 12.7 (12.3, 13.4) weeks of gestation.

We have performed a bivariate analysis between the gestational age variable and each outcome
variable (all of them adjusted for area of study and creatinine). Gestational age was only
associated with MMA concentrations and %MMA (p value <0.2). We have tested gestational
age in the multivariate models of MMA concentrations and the %MMA and it was retained in

the models. We have updated these new models in the results section, Figure 1 and Table 3.
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Results section (page 15): “Furthermore, gestational age at sampling was inversely related to
%MMA (6 [95%Cl]: -0.84 [-1.32, -0.36])".

Discussion section (page 20): “The gestational age at sampling was inversely related to the
%MMA. This result is consistent with previous studies, which show an increase in methylation
capacity throughout pregnancy, denoted by higher %DMA and lower %MMA and iAs (Gardner et
al., 2011; Hopenhayn et al., 2003). It has been suggested that the As metabolism is increased
during the course of pregnancy due to a more efficient maternal one-carbon metabolism that
increases the endogenous synthesis of the methyl-donor choline, to supply the high fetal demand
for correct development (M. Vahter, 2009). Nevertheless, in our study, gestational age was only
related to %MMA, but it was not associated with an increase in %DMA. Unfortunately, in our
study we have measured As metabolites concentrations in one-spot urine samples during
pregnancy, which prevents us from evaluating whether this decreasing trend in %$MMA is due to

an improvement in As methylation or a change in the maternal diet”.

“Another advantage is the analysis of As methylation efficiency through two approaches,
allowing comparability of results.” This is a bit vague. For clarity, please explain what two
approaches you are referring to and how they differ.

We have added additional information about the advantage of evaluating the efficiency of As
methylation through two approaches.

Discussion section (page 22): “Another advantage is the analysis of As methylation efficiency
through two approaches: using the relative percentages of each As metabolite and, in order to
minimize the high correlation between the three percentages, using a principal component
analysis. This allows comparability with previous studies that have used either of these two

methods to evaluate the efficiency of arsenic metabolism”.
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Reviewer #2:

The paper by Soler-Blasco et al. details the associations between several sociodemographic and
dietary factors and methylation of inorganic arsenic, and concentrations of other arsenic
species among pregnant women. The study is among the participants of the INMA cohort and
has rich data on several variables. There are some points that the authors need to clarify in

order to strengthen the manuscript.

We are very grateful for the reviewers’ careful reading of our manuscript, which has allowed us
to clarify some aspects of it. The specific points raised by the reviewers are addressed below.

We have tracked changes in the text.

Abstract:

Background - please specify that the biotransformation in the body occurs mainly
through methylation reactions.

We have changed the sentence to add the information proposed by the reviewer:
Abstract, introduction: “Once ingested, inorganic arsenic can be methylated sequentially

to monomethyl and dimethyl arsenicals”.

Discussion: Lines 43-47 are results. So, as part of the discussion, instead of stating those results,
please include comments on what those results signify.
The abstract should specify the study design.
In accordance with to the reviewer's suggestion, we have slightly changed the discussion

section of the abstract. We have removed the specific results from this section: “Discussion:

Certain dietary, lifestyle, and environmental factors were observed to have influence on both As

species concentrations and methylation efficiency in our population. Armeng—the—variables

nreanan n_N [aVaVal Ja a¥a a¥a) on aa¥a a¥allla JaVaVa lalllalaVa ne BN/ AlRro fallla Ja lakdoYa
- LAY % A O oTotro & i otro o Saeav c—6d v A% G &—G eaerav G

with—higher—methylation—efficieney- Further birth cohort studies in low exposure areas are

necessary to improve knowledge about arsenic exposure, especially of inorganic forms, and its

potential health impact during childhood”.
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We have also added the study design in the methodology section: “Participants in this
cross-sectional study Study-subiects were 1017 pregnant women from two Spanish areas
participants in the INMA (Environment and Childhood) project (2003-2008)”.

Introduction

Line 39: Please replace "nowadays" with "currently".
As the reviewer has suggested, we have replaced the word “Nowadays” by “Currently” in the

manuscript.

The third paragraph of the introduction needs to include details about the general proportions
of urinary iAs metabolites that would indicate efficient methylation, for example, low %iAs, low
%MMA, and high %DMA is indicative of an efficient methylation.

We have added this information to the introduction section (page 5): “These relative
concentrations reflect the iAs methylation efficiency, indicated by a high %DMA and lower
%MMA and %iAs, especially in populations exposed to high levels of iAs through drinking water
(M. E. Vahter, 1999)”.

Line 52: The %DMA, %MMA, and %iAs given here are the typically observed proportions of
these metabolites in the urine, not the proportions that may be observed in every individual's
urine. The authors need to clarify this. Also, this fact needs a citation - Vahter, 1999,
Methylation of inorganic arsenic in different mammalian species and population groups.

We have reworded this sentence in order to clarify the information. Furthermore, we have
added the reference recommended by the reviewer:

Introduction section (page 5): “After this biotransformation process, iAs is excreted through the
urinary system. In general, the most frequent proportions of the metabolites observed in urine
are 60-80% of DMA, 10-20% of MMA and 10-30% of iAs (M. E. Vahter, 1999). These relative
concentrations ef-each—metabolite reflect the iAs methylation efficiency, indicated by a high
%DMA and lower %MMA and %iAs, especially in populations exposed to high levels of iAs
through drinking water —(M. E. Vahter, 1999)".

The adverse health effects of arsenic exposure are well described toward the end of the

introduction section. However, the introduction should include/clarify further as to why
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methylation efficiency matters. This can be borne out by detailing the findings about how poor
methylation efficiency is shown to be a risk factor for arsenic induced adverse health outcomes.
We have added some information about adverse health outcomes are related to the
methylation efficiency.

Introduction section (page 6): “Furthermore, a lower As methylation capacity has been related
to higher risk of skin lesions, bladder, lung and skin cancer, and peripheral vascular disease

(Gamboa-loira et al., 2017; C. H. Tseng, 2007)".

The first two paragraphs of the introduction can be tightened a bit, so that the introduction
would still be concise after adding the part about poor methylation being a risk factor for
outcomes.

As the reviewer has suggested, we have tried to reword the first two paragraphs in a more

concise way.

The introduction should specify the design of the study.
We have added the study design in the methodology section.
Introduction section (page 7): “In this cross-sectional study, subjects were pregnant women

participants in the INMA Project (Environment and Childhood)”.

Methods

Study population - Lines 29-30 belong in the analysis section; please replace "non-included"

with "excluded".
As the reviewer has suggested, we have replaced the term “non-included” with “excluded” in

the manuscript and in the Table S1. We have also moved this part to the analysis section.

Lines 31-36 belong in the results section

As the reviewer has suggested, we have moved this part to the first paragraph of the results

section.
Study variables and sources of information -
Please add a section about creatinine measurement.

We have added some information about creatinine measurement and analysis:
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Methods section, covariates (page 10): “Creatinine concentrations were measured in the same
urine samples at the first trimester of pregnancy by DRI® Creatinine-Detected® Test using AV680

from Beckman Coulter”.

Dietary variables - Line 29 - please replace "ailments" with "elements" or "foods and food
groups"
We thank the reviewer for noticing this mistake. We have replaced the term “aliments” by

“foods”.

Statistical analysis- Line 35: Please clarify the meaning of "dietary variables" - does it mean

foods, food groups, nutrients, or all of these? Or were all the factors mentioned in the "dietary
variables" section included?

We have replaced “dietary variables” with “food groups” in order to clarify this sentence.

Just as a clarification question - was each dietary variable added to the model and then
removed, followed by the addition of the next dietary variable?

Indeed, to build the final models, we added and removed each food group variable into the core
models of sociodemographic and environmental variables one by one. Then, we added all the

dietary variables at a level of p<0.1 in the likelihood ratio test into the core models.

Lines 42-43: Was urinary creatinine added to the model, in addition to the creatinine-adjusted
urinary arsenic variable as the outcome? That would lead to concerns about over-adjustment of
the model.

In the multivariate models, we used the urinary arsenic variables unadjusted by creatinine as
the outcome (pg/L). We preferred to add the creatinine concentrations as an adjustment

variable in the model.

Some previous publications from the INMA cohort have included the adjustment of urinary
arsenic with urinary specific gravity. Was specific gravity not measured among participants of
this study? Adjusting urinary arsenic for specific gravity has several advantages over creatinine
adjustment.

As the reviewer has commented, there is a publication from the INMA cohort in which specific

gravity was measured and it was used for the adjustment of urinary arsenic (PMID: 28553665).
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Nevertheless, this measurement was only analysed in a subsample of 100 participants.

Unfortunately, we did not have specific gravity measurements for the whole sample.

Results

Table 3: Please denote in the footnote that the dietary intakes were energy adjusted, and also
denote that the models included all the presented variables simultaneously.
As the reviewer has suggested, we have added this information in the title and footnote of

Table 3.

Discussion

Some nutrients are known to aid in the efficient methylation of inorganic arsenic. Conversely,
some foods are considered sources of arsenic exposure. This study evaluated the associations
of foods and nutrients with both, methylation efficiency as well as arsenic exposure. So, the
discussion would be strengthened if the authors included a subsection about how to balance
these - foods as sources of exposure vs. aiding in methylation efficiency. Assessing this is
challenging methodologically, but based on the existing evidence, can a comment be made in
regards to dietary guidelines for pregnant women? Tying the results and discussion back to
dietary recommendations for pregnant women is particularly essential because pregnancy is a
unigue biological period; exposures happening during pregnancy affect the fetus as well as the

maternal health.

We consider that the topic proposed by the reviewer is really interesting. In fact, the authors
have discussed this subject in great depth. Indeed, there exist a tangled interrelation between
the As exposure source (and its different species) and the nutrients that improve the As
metabolism. Furthermore, the As metabolism is not yet fully understood, which makes it
difficult to assess accurately. Finally, the literature about prenatal As exposure and the potential
health effects during childhood are still very scarce in low-exposed areas, such as Spain.

For all these reasons, the authors consider that the potential dietary recommendations for
pregnant women in a specific context, such as Spain (with low As concentrations in water and
high rice and seafood consumption) should not be carried out until further epidemiological

studies are conducted to improve our knowledge of these issues.
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Also consider including the limitations associated with creatinine adjustment of urinary arsenic
concentrations. N-guanidinoacetate methyltransferase, which is the main consumer of methyl
groups from the human one carbon cycle, participates in the formation of creatinine from
creatine. Hence, several studies have shown that urinary creatinine is correlated with urinary
arsenic in various populations, which makes the interpretations of creatinine adjusted arsenic
difficult.

As the reviewer has rightly commented, creatinine concentrations seem to be associated with
arsenic metabolism, along with other variables, such as sex, muscle mass and ethnicity. In order
to try to control the present analysis we have used the approach proposed by Barr et. al, which
involves including the creatinine concentrations in the multivariate models of factors associated
with arsenic concentrations as a separate independent variable (Barr et al., 2005).

We have added information about creatinine adjusted arsenic as a limitation of the study:

Discussion section (page 22): “This study has several limitations (...) 4) finally, we used creatinine
concentrations to control for urinary dilution. Creatinine concentrations seem to be associated
with As metabolism. To control for this effect, we used the approach proposed by Barr et. Al
(2005), including the creatinine concentrations in the multivariate models as a separate
independent variable. Nevertheless, due to the complexity of the interrelations between As
metabolism, micronutrients and creatinine, the interpretation of the factors associated with As

metabolism should be taken with caution”.

General comment: Please review the paper carefully in order to correct grammatical errors.
In order to improve the readability and quality of the paper, the manuscript has been revised by

a native English speaker.
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Reviewer #3:

This is a descriptive study of total arsenic and arsenic species levels among pregnant women in
Spain, as well as the environmental, socio-demographic, or dietary factors associated with the
different arsenic metabolites. The study also evaluates the arsenic methylation capacity.
For the analysis, the authors chose to use a different set of covariates to adjust the regression
models based on a two-step approach for selecting the most appropriate covariates. Although |
agree that this might improve the power for analysis, | find that it makes a bit more complicated
to follow the results presented on the tables and figures. This is just a personal opinion, and not

something that the authors should necessarily change.

In addition, | also have several comments.

We are very grateful to the reviewer for his/her careful reading of our manuscript. The authors
consider that her/his suggestions have improved the manuscript. The specific points raised by

the reviewer are addressed below. We have tracked changes in the text.

* The authors say in the Introduction that "Other health effects described in adults have been
an increased risk of respiratory, cardiovascular and metabolic diseases (Agency for Toxic
Substances and Disease Registry, 2016)." Please cite research articles or systematic reviews in
addition of the report by the ATSDR.
As the reviewer suggested, we have added the following references to support the information
about exposure to As and health effects in adults.
e Moon K, Guallar E, Navas-Acien A. 2012. Arsenic Exposure and Cardiovascular Disease:
An Updated Systematic Review. Curr Atheroscler reports 14:542-555;
doi:doi:10.1007/511883-012-0280-x.
e Sanchez TR, Perzanowski M, Graziano JH. 2016. Inorganic arsenic and respiratory
health, from early life exposure to sex-specific effects: a systematic review. Environ Res

147:537-555; doi:10.1016/j.envres.2016.02.009.

* | believe "fetus" and "fetal" (instead of "foetus" and "foetal") is the most accepted form in the

scientific community.
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As recommended by the reviewer, we have modified these terms in the manuscript.

*In the Introduction, the sentence "during pregnancy in Spain" seems too ambitious to me. |
think something like "in a cohort of Spanish pregnant women" (or similar) would sound better.
We thank to the reviewer the suggestion. We have reworded this sentence in the objectives of
the study.

Introduction section (page 6): “The aim of this study is to describe the concentrations of total As

(TAs) and the different urinary As species (DMA, MMA, AB and iAs) and the methylation capacity
during-preghancy #-Spain in a birth cohort of pregnant Spanish women”.

* Supplemental Material table 1. Regarding superscript "c", authors say data represent median
and interquartile range. Is this correct? For median (IQR) it is commonly used the format
"median (g1, q3)".

Following the reviewer’s suggestion, we have presented the median and p25-p75 in Table S1.

* Authors calibrated inorganic arsenic and arsenic species by arsenobetaine in order to better
account for inorganic arsenic exposure. For each arsenic metabolite, they did so by using a
residual based method, in which they added the "mean level of each metabolite estimated from
participants with AB<1pg/L". | am curious, how many women had AB levels <1ug/L? Also, why
did not the authors calibrate total arsenic as well?

We used this approach based on the study by Jones, 2016 (PMID: 27702745). The authors of
this study calculated the calibrated concentrations of each As metabolite using the cut-off point
of AB of 1ug/L. In our analysis we tested other cut-off points, because to the percentage of
participants in our sample with AB levels below 1ug/L was low (n=42; 4.13% of the total
sample). Nevertheless, we made the decision to follow the method proposed by the authors

exactly, in order to increase the comparability of the data.

In our study we have used this method to calibrate the As metabolites concentrations (MMA,
DMA and iAs). In this way, we wanted to try to eliminate the influence of DMA from arsenolipids
and arsenosugars in order to carry out a more accurate assessment of both exposure to iAs
(sum of MMA, DMA and iAS concentrations), as well as its metabolism.

However, we also wanted to have a global view of exposure to any form of As (organic and

inorganic), so we did not calibrate Total As.
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*The Statistical Analysis section should be reorganized to better explain the order of analysis
performed and the tables and figures. For instance, the recalibration of arsenic metabolites was
done before the descriptive and the regression models.

As the reviewer has suggested, we have reorganized the statistical section. We have placed the
calibration description before the descriptive and the regression models in order to improve the

readability of the manuscript.

* Table 1. Please unify the format to separate the numbers across the table.
We thank the reviewer for noticing the error in the format. We have made the changes to unify

the format in order to separate the numbers.

*  Table 1. For metabolite percentages it does make sense to have both options, ug/L and
ug/g, since the these are percentages and not concentrations.
We have removed the As metabolites percentages calculated with As concentrations adjusted

by creatinine.

*Re-wording of some sentences might be helpful. For instance, the sentence "The multivariate
models for the factors associated with the concentrations for each of the measured As species
can be observed in Figure 1", is not fully correct, since what you are actually showing are the
results of those models, but not the models themselves.

We have added the reviewer's suggestion in the tittle of Table 3 and Figure 1: “Table 3: Beta

coefficient (95%Cl) of the multivariate linear regression ...”
*  Figure 1. Please explain the meaning of the points and the segments. | know they are beta
estimates and 95% Cl, but it should be specified somewhere in the figure.

We have added this information “Beta coefficient (95%IC)” to the graphic.

*  Unify the use of pg/g, ug/gr or pg/gram across the manuscript.

We have checked to ensure the same nomenclature is used throughout the manuscript.
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ARTICULO 1lI

Manuscript Number: ER-21-2898

MS Title: Prenatal As exposure and methylation efficiency and neuropsychological development among

pre-school children in a Spanish birth cohort.

Revised tittle: Prenatal arsenic As exposure, ard arsenic methylation efficiency, and neuropsychological

development among pre-school children in a Spanish birth cohort

Reviewer #1

Comments for authors

In the present work, the authors evaluated relationship between prenatal total As concentrations (TAs), the
As species and the methylation efficiency, and child neuropsychological development in a INMA, Spanish

birth cohort.

This study definitely gives very important, extensive and new data on prenatal As species concentrations
and methylation efficiency and its association with child neurodevelopment (adjusting other metals and

essential elements) from a considerably large sample.

However, | am not very sure if authors could utilize available epidemiological knowledges (specially dose
response and time lag of association) and justify/interpret their results well. In addition, | have few

concerns to be address by authors before any recommendations.

We are very grateful for the reviewer’s careful reading of our manuscript, which has allowed us to clarify
some aspects of it. The specific points raised by the reviewer are addressed below. We have tracked

changes in the text.

Section specific Comments/Suggestions

Introduction

1. Authors did not debate dose response in reported association together with time-lag effect. Literature
review in effect of prenatal arsenic (As) in neurodevelopmental indicator in different exposure level and

duration of follow up would be very helpful for readers.
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As the reviewer has suggested, we have added a paragraph in the Introduction section about the time-lag

effects of prenatal arsenic exposure.

Introduction section, page 6, 2" paragraph: Moreover, the developing brain seems to be vulnerable to this
toxicant (Grandjean and Landrigan 2006). The development of the central nervous system (CNS) is a
process that begins very early in embryogenesis and continues until adolescence (Stiles and Jernigan 2010).
As and its compounds, which are able to cross the blood brain barrier, could produce neurotransmitter
impairment, brain cell death and degeneration of CNS, among other toxic effects (Piao et al. 2015; Tolins et
al. 2014). These prenatally produced changes seem to increase the susceptibility to develop negative
effects in the neuropsychological development throughout childhood (Grandjean and Landrigan 2006; Piao

et al. 2015).

We also added the exposure levels of the different studies found in the literature review. The follow-up of
these studies (time of pregnancy of As assessment and evaluation of the children’s age of

neuropsychological development) are in the introduction (page 6, 2" paragraph).

Method

1. Since the age of 5 is very active phase of life and kids can be assumed very shy? How about MSCA
assessment environment? where the participants were evaluated? Did they maintain uniform assessment
condition (i.e., presence of siblings, members of family, outsides, white coat)? Six testers were involved; So,

can we know about inter-tester variability and test-retest variability?

The children were evaluated in the reference hospital. The application conditions followed the indications
recommended in the Spanish adaptation of the manual of the MSCA (reference below). Briefly, the

protocol included the following indications:

- The scale was administered in a quiet room, with a table cleared of material, with the psychologist

positioning him/herself appropriately in front of the child. He/ she did not wear a white coat or similar.
- The presence of the mother or other relatives was not allowed.

- The child should be calm and rested. If the child was ill, not rested, or very negative / oppositional to the
test, an attempt should be made to reschedule it for another day. Children who presented special
conditions (behavioural problems, sleepiness or being feverish) were classified in a different category and
were excluded from the multivariate models as sensitivity analysis. The results obtained were virtually the

same and can be consulted in the Supplementary material (Figures S2-5S4).
Reference:

Dorothea McCarthy, Agustin Cordero Pando; et al. 2006. MSCA: escalas McCarthy de aptitudes y

psicomotricidad para nifios : manual. TEA Ediciones: Madrid.
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Regarding inter-tester variability, a strict protocol was applied to avoid inter-observer variability. This
protocol included inter-observer training and three sets of quality control (inter-observer reliability tests)

during the field work. The inter-observer variability assessed by Pearson correlations was lower than 5%.
We have added this information in the manuscript:

Material and methods section, page 9, 2™ paragraph, 2.2.2 Outcome variable: neuropsychological
assessment: Testing was conducted in the research centres of each area of study by six psychologists using
a strict protocol to avoid inter-observer variability. This protocol included inter-observer training and sets of
quality control (inter-observer reliability-tests). The inter-observer variability assessed by Pearson
correlations was lower than 5%. The raw scores were standardized for the child's age at test administration
and for psychologist. In order to homogenize scales, standardized residuals were then typified by having a

mean of 100 and a standard deviation of 15 points.

2. Which food composition table was used to estimate energy adjusted dietary intake of arsenic as well as

folate, vitamins B12 and B6 intake?

For the adjusted dietary intake of vitamins B6 and B12 and folate the food composition tables of the US

Department of Agriculture and other Spanish sources were used (see the references below).

References:

- U.S. Department of Agriculture: Agricultural Research Service USDA. National Nutrient Database for
Standard Reference, Release 25. [Internet]. 2007. Available from:

https://www.ars.usda.gov/ARSUserFiles/80400525/Data/SR25/sr25 doc.pdf

- Palma I, Farran P, Cervera P. Tables of Food Composition for household measures of habitual consumption

in Spain: CESNID. 4th ed. Madrid: McGraw Hill; 2008.

We have added this information in the manuscript.

Material and methods section, page 10, 1%t paragraph, 2.2.3 Covariates and potential confounders:
Additionally, dietary folate and vitamins B12 and Bs intake were also estimated using the food composition
tables of the US Department of Agriculture (U.S. Department of Agriculture: Agricultural Research Service
USDA 2007) and with Spanish sources (Palma et al. 2008). The intake of supplements was added to the

calculation of total daily nutrient intake (Vioque et al. 2013).

How did they adjust for different portion sizes and frequencies by participant kids without weighted food

record (WFR) and 24 hour recall (24-h recall)? Estimate may not be precise without WFR and 24 h recall?

In this study, we used maternal dietary variables collected at the same time as the urine samples, but not
the kid’s dietary information. The women’s dietary intake was assessed in the first trimester of pregnancy

using a semi-quantitative food frequency questionnaire (FFQ). The FFQ was previously validated in part of
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the study population (740 Valencian pregnant women). For the validation of the FFQ, the reproducibility
and validity against biochemical biomarkers were evaluated (more information about this method is

available in the reference below).

Reference:

Vioque J, Navarrete-Mufioz E-M, Gimenez-Monzd D, Garcia-de-la-Hera M, Granado F, Young IS, et al. 2013.
Reproducibility and validity of a food frequency questionnaire among pregnant women in a Mediterranean

area. NutrJ 12:26; doi:10.1186/1475-2891-12-26).

3. HOME scale is one of the well suggested factors to be included to know postnatal growth environment
(not only learning materials, toys, but lo care givers attitude, response to kids) very critical for cognitive
development in this age? In this study, why this is not included? Is it a limitation of study, or author

considered some other proxy variables instead?

Unfortunately, we do not have the HOME scale in the both INMA cohorts. We have tried to adjust the
models with well-known variables related to cognitive development, i.e., parental education level, maternal
working status, main caregiver at 5 years of age, attendance at nursery school, maternal verbal intelligence,

parental social class, etc.

Therefore, we have added this fact as a limitation of our study.

Discussion section, page 21, 2" paragraph: Finally, the present study lacks information on some important
variables that could have an influence on cognitive development (such as the postnatal growth
environment), and on the relationship between As methylation and child neurodevelopment, such as other

nutrients involved in one-carbon metabolism ©€M (i.e. choline and betaine) and genetic information.

Results

1.1 like “table 1” to present characteristics of participants in context of other related earlier cohort.

We have added a new Table 1, with the descriptive analysis of some of the sociodemographic and
environmental characteristics of the study population. In this table, we have also included the maternal
urinary TAs and >As concentrations by the different characteristics, in accordance with a suggestion made
by another reviewer. Additionally, the descriptive analysis of the information collected at 1 year and 4-5

years of age can be found in Table S1.

2. Fig 1-3 looks busy, can author differentiate significant Beta with not significant by Bold beta value or

different color (i.e., red for inverse or green for positive).

In order to improve the interpretation of the figures, we have changed the colours of the coefficients

according to the p-value.
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3. Despite large sample size, can author consider Bonferroni correction as lots of tests (specially in
interactions Figure 1-3) were done (for the scenario of chance finding)? Further, only associations
significant at p<0.01 can be an option to consider significant and discuss instead of variables significant at

p<0.05 level.

We understand the reviewer comment regarding multiple comparisons, particularly in the interaction
analysis. However, many methodological experts feel that Bonferroni or other corrections are not
generally warranted (Rohtman 1990). Rather than emphasize statistical significance, they suggest
focusing on the magnitude and direction of associations observed, as well as the width of the confidence
intervals. Following the recommendations of general guides for reporting research studies
(Vandenbroucke, 2007; Moher, 2010), we have left the main analysis unchanged, and all results have
been provided in the results or supplemental sections (not only subsets selected a posteriori). Readers
concerned with a particular relationship can readily evaluate the extent to which each coefficient meets
their criteria. From this point of view, no ‘multiple comparisons” were performed since each of them
stand alone as they refer to different compounds with particular characteristics, and different outcome
variables describing specific neurodevelopmental dimensions. Additionally, corrected p-values would also
lead to an artificial increase of the likelihood of Type Il error and a reduced comparability with other
studies, since the corrected p-value for each association varies with the number of tests performed with

other unrelated variables

References:
-Rohtman KJ. No adjustments are needed for multiple compatisons. Epidemiology. 1990;1:43-6.

-Vandenbroucke, J.P., Von Elm, E., Altman, D.G., Ggtzsche, P.C., Mulrow, C.D., Pocock, S.J., et al. 2007.
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE): explanation and
elaboration. Annals of Internal Medicine, 147(8), W-163.

-Moher, D., Hopewell, S., Schulz, K.F., Montori, V., Gotzsche, P.C., Devereaux, P.J., et al. 2010. CONSORT
2010 Explanation and Elaboration: Updated guidelines for reporting parallel group randomised trials. J
Clin Epidemiol 63:e1-37.

That said, we agree with the reviewer in the general risks associated with multiplicity of analysis and it has

been recognized in the discussion section of the manuscript:

Discussion section, page 21, 2" paragraph: In the present work, multiple analyses were performed,
particularly in the interaction analysis, therefore results should be taken with caution because some
significant associations could result from chance. Coefficients and their confidence intervals should be
taken as a global representation of the pattern of the relations between the variables involved in the

study (Rothman 1990).
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4. Authors may consider making one table (not figure) with significant results only at p<0.01 level for the
ease of reader. If possible, | request to discuss such results only considering large number of tests without

any adjustment (e.g. Bonferroni correction) for chance finding.

As we have commented above, we have tried to improve the readability of the figures by changing the
colours of the coefficients according to the p-value. Furthermore, we have also added three tables in the
supplementary material with the beta coefficients and 95%Cl of all the interactions, highlighting with a

colour those results with a p-value <0.05 and with another colour those with a p-value <0.01.

We have also discussed only the associations with a p-value <0.01 in the interaction analysis and we have

added as a limitation the risk associated with multiplicity of analysis.

Discussion

Well written discussion. Enjoyed reading it.

1. However, while comparing TAs association with earlier studies, it will be better to compare dose

response (for TAs at least) too specially comparing studies to locate/ judge the participant’s exposure level.

So, that we can compare and interpret finding safely.

We thank the reviewer for his/her suggestion. We have now added the median As concentrations of the

different studies to the text. We have also added the following sentence:

Discussion section, page 16, 1%t paragraph: Arsenic concentrations were substantially different across the
studies; for example, the median urinary YAs concentrations in the Bangladeshi cohort of pregnant women
were around 80 pg/L, which are much higher concentrations than in the present study (7.4 ug/L). These
differences in urinary >As concentrations could imply a differential relative contribution of each species in

the total concentrations.

2. Can authors check if positive associations still remain between TAs and AsB among participant who did
not consume fish? Since FFQ might have failed [as assumed by myself (Methods#2) earlier and authors) to

catch such variation.

We have answered this suggestion in the following comment.

3. Positive association between neurodevelopmental indicators scores and iAs, TAs and AsB need further

investigation with separate analysis as suggested in earlier #2 points if possible.

We thank the reviewer for his/her suggestion. In the current analysis, both multivariate models were
adjusted by seafood consumption. Moreover, we have performed an additional analysis. We have run the

models of TAs and AB as exposure variables and the verbal scale as an outcome, in the sub-sample of
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pregnant women with the least seafood consumption (first quartile of seafood consumption= 0 to 25.22
grams per week, n= 201). We have chosen this subsample because there were very few women who did

not consume fish (n=22).

The results are the following:

Outcome Exposure Model n Beta (95%Cl) p-value
log2 TAs 1 807 0.65 (0.03, 1.27) 0.04
log2 TAs 2 201 1.01(-0.16, 2.19) 0.09
Verbal scale
log2 AB 1 807 059 (0.11, 1.07) 0.02
log2 AB 2 201 0.78 (-0.06, 1.62) 0.07

Model 1 (analysis presented in the manuscript): total sample, adjusted by maternal age. maternal body mass index (BMI) before
pregnancy. maternal place of birth. maternal and paternal educational level. maternal working status during pregnancy. type of area

of residence. Parity, child’s sex, season of sample collection, and seafood consumption in first trimester of pregnancy.

Model 2 (additional analysis): subsample of women in the 1%t quartile of seafood consumption, adjusted for the covariables of Model

1, except for seafood consumption.

The positive coefficient and the p-value of the association in model 1 (total sample) could be indicating that
TAs and AB concentrations possibly acted as a proxy of part of the fish intake variability that is beneficial for
brain development. In fact, better performance in the MSCA test associated with higher maternal fish
consumption during the first trimester of pregnancy has already been reported in our population (Julvez,
2016). The significance of these positive coefficients was attenuated when we ran the same models using
the subsample of women with lower fish consumption (model 2). There could be two possible explanations
for this: 1) this measurement error of the maternal fish intake variable obtained by FFQ is lower among this
sub-group, or 2) the reduction in the sample size. The fact that even adjusting for maternal fish
consumption, a direct marginal association between TAs and AB concentrations and the verbal scale is
maintained (model 1) might indicate some degree of misclassification of the maternal fish intake variable
not fully captured by the questionnaire. The FFQ is a good instrument method for assessing and classifying
mothers according to their usual dietary intake. However, it might suffer from measurement error due to
the general difficulties in evaluating regular dietary intake: memory bias, portion sizes, etc. Measurement

error in confounders has been shown to affect effect estimates of exposure variables.

We have added this analysis as a sensitive analysis in the Results section and the Supplementary material.

Results section, page 13, last paragraph: Finally, in order to investigate the positive association between
maternal urinary TAs and AB and the scores of the verbal scale, we ran the main models in a sub-sample of

pregnant women with the least seafood consumption (first quartile of seafood consumption = 0 to 25.22
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grams per week, n=201). The positive coefficients were maintained but the p-value of the associations did

not reach statistical significance (see Table S5).

This point was previously described discussed in the manuscript.

Discussion section, page 19, 1% paragraph: We have also observed a direct association between both TAs
and AB concentrations and scores for the verbal scale. Fish and seafood consumption is the main source for
the organic form AB (European Food Safety Authority 2009), and is the highest contributor to the total As
concentrations. Even though fish consumption is a source of toxicants (i.e. As, but also methylmercury and
polychlorinated biphenyls), it also provides some essential nutrients related to better neurodevelopment,
such as proteins, vitamin D and, especially, n-3 long-chain polyunsaturated fatty acids (LCPUFA) (FAO/WHO
2010; Julvez et al. 2016). Although the models were adjusted for fish consumption, it is possible that the
food frequency questionnaire did not fully record the maternal fish intake variability, thereby introducing

some degree of misclassification.
Reference:

-Julvez J, Méndez M, Fernandez-Barres S, Romaguera D, Vioque J, Llop S, et al. 2016. Maternal consumption
of seafood in pregnancy and child neuropsychological development: A longitudinal study based on a

population with high consumption levels. Am J Epidemiol 183:169—-182; doi:10.1093/aje/kwv195.

4. As discussed about the role of Mn in As toxicity, authors may again compare the dose of INMA study,
and that of two epidemiological studies [i.e., US study by Wright et al. (2006) and that of Bangladesh study
by Valeri et al. (2016)]. So that, if Mn level in Spain, USA and Bangladesh differ for different effect.

Following the reviewer's previous recommendation, we have discussed only the associations with a p-value
<0.01 in the interaction analysis. Due to this change, we have eliminated the paragraph of the Mn

interaction.

5. So, what is the interpretation/assumption of authors regarding lower scores on the general, verbal and
memory scales among Children whose mothers presented increasing %iAs and iron deficiency (ID) (ferritin
<15 mg/dL)? Are authors assuming Iron deficiency causing low methylation or they are not sure? Authors

already (Page 15, Line 60) suggested high %iAs means lower proportion of %XMMA or %DMA?

In our study, we observed that children whose mothers presented increasing %iAs and ferritin levels <15

ug/L obtained lower scores on several MSCA scales.

When we reviewed the literature about this topic, we found only three epidemiological studies: two cross-
sectional studies (conducted in children from Uruguay and Mexico) and one Bangladeshi cohort of
pregnant women. However, they only assessed the effect of Fe on As metabolism; none of these studies
evaluated the influence of the interaction between the two metals on children’s neurodevelopment. The

results obtained by these three studies were heterogeneous. While in the Mexican study higher serum
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ferritin was related to higher As methylation efficiency (denoted by lower %MMA and higher %DMA), in the
Uruguayan study the association was the opposite (iron deficiency was related to lower %iAs and higher
%DMA). Finally, no significant association was observed in the cohort of pregnant women from Bangladesh.
Due to the scarce evidence currently available, the authors cannot be sure whether or not iron deficiency
could improve the methylation capability or how these two elements could interact with each other. Our
results suggest a possible influence of iron status on As metabolism and toxicity, although the authors

believe that this relationship should continue to be investigated.

6. Though this study aimed to see effect of prenatal As exposure on 5 years kids, we may assume lots of
postnatal exposure at the age of 5 which might be acting together /masking the effect. In addition, early
damage of brain development may persist long but “neuroplasticity of brain” might have acted up on.
Further, as authors already listed as limitation, the single urine samples at 1st trimester may not represent
the prenatal exposure. Finally, though education of mother and attendance at nursery included in core
model, postnatal growth environment (e.g., HOME Environment) was not considered, which is mostly

adjusted in many similar studies.

We thank the reviewer for his/her considerations. The authors agree with the reviewer that the lack of
information on postnatal As exposure and postnatal growth environment suppose a limitation in our study.

We have added this fact as a limitation of our study.

Discussion section, page 21, 2nd paragraph: Another limitation is the assessment of As exposure at only
one time-point during pregnancy. As the vulnerability of the central nervous system extends from the
beginning of pregnancy to adolescence, and As metabolism efficiency seems to change during pregnancy, it
would have been more accurate to measure As and its metabolites at several time-points during

pregnancy, as well as in postnatal period.

Authors may remove one extra page at the end of Supplementary File.

We have removed the extra page at the end of the Supplementary File.

Despite few concerns noted above, very extensive/comprehensive work has been done and the manuscript

is well written. | hope, the authors will address these concerns to give its message more effectively.

The authors thank the reviewer for all his/her considerations and suggestions.
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Reviewer #2

The manuscript by Soler-Blasco et. al. focuses on the association between maternal urinary arsenic
concentrations and arsenic methylation capacity assessed in the first trimester of pregnancy and children's
cognitive outcomes at the age of 5 years. This prospective cohort study has several strengths and adds to
the scarce knowledge in this topic area. Addressing the following comments will help strengthen the

manuscript and clarify certain aspects further.

We thank the reviewer for all his/her suggestions and the recommended references. The authors have
tried to improve the manuscript by following the reviewer’s suggestions. The specific points raised by the

reviewer are addressed below and we have tracked changes in the text.
General comments applicable to the whole manuscript:

The words "negative relation" are used in describing the results obtained from previous studies. Please

replace "negative relation" with "inverse association".

As the reviewer has suggested, we have changed the form “negative relation” to “inverse association”

along the manuscript

Please review the manuscript thoroughly for grammar and focus on the use of appropriate prepositions.
For example, the last paragraph of the introduction (line 27) - "methylation efficiency at first trimester" -
"at" should be replaced by "in". Similarly, in paragraph 8 of the discussion section, line 26/27 includes
"..relationship between arsenic and iron on the human body..."; please replace the preposition "on" with

"in". Please check for similar corrections elsewhere.

We thank the reviewer for noticing these mistakes. In order to improve the readability and quality of the

paper, the manuscript has been revised by a native English speaker.
Highlights:

Highlights should include that As assessments were done in urine samples, example, "prenatal MMA" can

be reworded as "prenatal urinary MMA".
As the reviewer has suggested, we have added the word “urinary” in the first highlight.
Last highlight - children obtained lower scores on cognitive tests; just stating "lower scores" is not clear

As the reviewer has suggested, we have added “lower scores on cognitive tests” in the last highlight, in

order to clarify the sentence.

Title:
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The title should not contain an abbreviation (As). Please write the full form.

We have changed the abbreviation As to the full form in the title.

Consider rewording the title as follows "Prenatal arsenic exposure, arsenic methylation efficiency, and

neuropsychological development among pre-school children in a Spanish birth cohort".

We have reworded the title as the reviewer has suggested.

Abstract:

Objectives - Clarify that the total As concentrations are urinary As concentrations.

We have clarified that the total As concentrations were measured in urine.

Materials and Methods - Write the full form of INMA at its first use.

We have added the English full form of the INMA abbreviature (Childhood and Environment).

Line 21: "Neuropsychological development was assessed at 4-5 years-old" needs to be changed to

"Children's neuropsychological development was assessed at the age of 4-5 years".

As the reviewer has suggested, we have reworded this sentence in the abstract.

Line 28: Maternal nutrients and maternal vitamin intake - clarify that the nutrients were measured in terms

of nutrient status in serum, not as intake.

As the reviewer has suggested, we have added the following information in the abstract.

Abstract, Materials and Methods section: We explored effect modification by sex, iron status, maternal
nutrients status (serum manganese and selenium, and urinary zinc), and maternal vitamins intake (folate,

and vitamins B12 and Be).

Introduction:

Line 29: Add commas between Cd, Se, Zn

We thank the reviewer for noticing this mistake. We have added the commas.

Paragraph 4: Please add the mean/median exposure levels in the previous studies that are described; that
will help in gaining a perspective of the study findings in different areas of the world as the reader

compares the study findings.
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As the reviewer has suggested we have added this information in the Introduction section. We have also

added the As concentrations of the different studies cited in the Discussion section

Methods:

Study population - The fact that participating mothers were older than non-participating mothers is a

result, not a method. Please move that sentence to the results section.

As the reviewer has suggested, we have moved this sentence to the Result section.

Results section, page 13, 1%t paragraph, 3.1 Description of TAs and its metabolite concentrations and As
methylation efficiency: Differences between included and excluded subjects are shown in Table S1. The
participating mothers were slightly older and had a higher level of education and social class than the non-

participants.

Please add a subsection that details the urinary creatinine assessment technique and clarify that the

urinary arsenic concentrations were adjusted for urinary creatinine.

We have added some information about the urinary creatinine assessment technique:

Material and methods section, page 9, 2" paragraph, 2.2.3 Covariates and potential confounders: Serum
manganese (Mn) and selenium (Se), urinary cadmium (Cd) and zinc (Zn), and plasma plasratie ferritin
concentrations were determined from the first trimester of pregnancy. More information about the
methodology has been reported in detail elsewhere (Arija et al. 2019; Lozano et al. 2020; Soler-Blasco et al.
2020). Creatinine concentrations were measured in the same urine samples in the first trimester of

pregnancy by the DRI® Creatinine-Detected® Test using AV680 from Beckman Coulter.

In the statistical analysis section, the adjustment of the As concentrations by urinary creatinine was

previously described:

Page 9: Arsenic methylation efficiency was determined through two approaches. The first consists in
calculating the percentage of the individual calibrated iAs, MMA and DMA over the sum of those species
(ZAs). The second involves a principal component analysis (PCA) of the three calibrated, untransformed

and un-rotated percentages corrected for maternal creatinine.

Page 10: We calculated the geometric mean (GM) and 95% confidence intervals (95%Cl) of the urinary
creatinine adjusted (ug/ g creatinine) TAs, AB, DMA, MMA, iAs and X As concentrations (as the sum of iAs,
DMA and MMA).

Page 10: The area of study (Valencia or Gipuzkoa) and maternal urinary creatinine concentrations were

included in all core models regardless of their statistical significance.
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Neuropsychological assessment - Was this conducted in the school/home of the participant/research

center? Please clarify.

The neuropsychological assessment was conducted in the research centres in each area of study (in both
cases in a quiet room, with a table cleared of material, with the psychologist positioning him/herself

appropriately in front of the child).

We have added this information in the manuscript

Material and methods section, page 8, 2" paragraph 2.2.2 Outcome variable: neuropsychological
assessment: Testing was conducted in the research centres of each area of study by six psychologists using

a strict protocol to avoid inter-observer variability.

Covariates and potential confounders - Lines 43-44 state that questionnaires were filled by the women
during pregnancy and then after delivery up to 4-5 years. Please clarify whether the questionnaires were

filled each year up to 4-5 years post delivery, or just once after 4-5 years post delivery.

We have added information about when the questionnaires were filled in.

Material and methods section, page 9, 1%t paragraph, 2.2.3 Covariates and potential confounders: Socio-
demographic, environmental and lifestyle information was collected through questionnaires filled during

pregnancy and, ard later at 12-14 months of age and at afterdeliveryup-te 4-5 years.

Dietary assessment - Lines 54-55 describe how the FFQ was used. It is stated that the grams/day intake of
foods such as rice, meat, seafood etc. was estimated by the researchers. Were questions about these foods

not part of the FFQ? If they were, please reword the sentence and avoid using "we estimated".

We used an FFQ that had nine possible responses for each item, ranging from ‘never or less than once per
month’ to ‘six or more per day’ (Vioque, 2013). A commonly used serving size was specified for each food
item in the FFQ (including rice, meat, seafood, etc.). This was converted to average daily intake in grams for
each individual participant. We have changed the word “estimated” to “calculated” in order of avoid

misunderstandings.

References:
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Viogue J, Navarrete-Mufioz E-M, Gimenez-Monzd D, Garcia-de-la-Hera M, Granado F, Young IS, et al. 2013.
Reproducibility and validity of a food frequency questionnaire among pregnant women in a Mediterranean

area. Nutr J 12:26; doi:10.1186/1475-2891-12-26.

Authors also state that the dietary intake of B-vitamins was estimated. Was this done using a dietary

database? If so, please provide details of which database was used and how the intakes were calculated.

Dietary intake of vitamins Bs and B12 and folate was calculated using the food composition tables of the US

Department of Agriculture and other Spanish sources (see references below).

References:

U.S. Department of Agriculture: Agricultural Research Service USDA. National Nutrient Database for
Standard Reference, Release 25. [Internet]. 2007. Available from:

https://www.ars.usda.gov/ARSUserFiles/80400525/Data/SR25/sr25 doc.pdf

Palma I, Farran P, Cervera P. Tables of Food Composition for household measures of habitual consumption

in Spain: CESNID. 4th ed. Madrid: McGraw Hill; 2008.

We have added this information in the manuscript.

Material and methods section, page 9, 1% paragraph, 2.2.3 Covariates and potential confounders:
Additionally, dietary folate and vitamins B12 and Bs intakes were also estimated using the food composition
tables of the US Department of Agriculture (U.S. Department of Agriculture: Agricultural Research Service
USDA 2007) and with Spanish sources (Palma et al. 2008). The intake of supplements was added to the

calculation of total daily nutrient intake (Vioque et al. 2013).

Statistical analysis - Please add a few sentences describing descriptive analyses at the beginning of the

section,

In the third paragraph of the Statistical analysis section, we described the descriptive analysis of the urinary

creatinine adjusted Total As and As species. We have moved this paragraph to the beginning of the section.

Multivariable linear regression models - was the variable for maternal urinary creatinine concentrations
added to the models in addition to the arsenic concentrations being already creatinine-adjusted? What was

the rationale behind doing this? This method raises concerns of over-adjustment.

In the multivariable regression models, when the exposure variables were the urinary As concentrations,
the variables used were not adjusted for creatinine. The urinary creatinine concentrations were included in

multivariate models as a separate independent variable.

In order to avoid misunderstandings, we have added this information in the manuscript:
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Material and methods section, page 11, last paragraph, Statistical analysis: In the second step, each As
variable (uncalibrated, unadjusted for urinary creatinine and log2 transformed TAs, 2As, AB, DMA, MMA
and iAs concentrations, calibrated and probit-transformed DMA, MMA and iAs percentages, and PC1 and

PC2) were included in these models as exposure variables.

Further, N-guanidinoacetate methyltransferase, which is the main consumer of methyl groups from the
human one carbon cycle, participates in the formation of creatinine from creatine. Hence, urinary
creatinine is correlated with urinary concentrations of arsenic metabolites. So, specific gravity adjustments
are preferred over creatinine adjustments for urinary arsenic. Some previous papers from the INMA cohort

have used specific gravity. Why was that not used in this analysis?

As the reviewer has commented, there is a publication from the INMA cohort in which specific gravity was
measured and it was used for the adjustment of urinary arsenic (Signes-Pastor, 2017). Nevertheless, this
measurement was only analysed in a subsample of 100 pregnant women. Unfortunately, we did not have

specific gravity measurements for the whole sample.

The authors are aware of the limitation of adjusting the urinary arsenic concentrations for urinary
creatinine because, as the reviewer has rightly commented, creatinine concentrations seem to be
associated with arsenic metabolism, along with other variables, such as sex, muscle mass and ethnicity. In
order to try to control the present analysis we have used the approach proposed by Barr et. al (see
reference below), which involves including the creatinine concentrations in the multivariate models as a

separate independent variable.

Reference:

Barr DB, Wilder LC, Caudill SP, Gonzalez AJ, Needham LL, Pirkle JL. Urinary creatinine concentrations in the
U.S. population: implications for urinary biologic monitoring measurements. Environ Health Perspect. 2005

Feb;113(2):192-200.

Signes-Pastor AJ, Carey M, Vioque J, Navarrete-Mufioz EM, Rodriguez-Dehli C, Tardon A, et al. Urinary

arsenic speciation in children and pregnant women from Spain. Expo Heal. 2017,;9(2):105-11.

Line 23-28 in paragraph 4 detail the second step of the multivariable regression model building - were all of
those As metabolites and other variables added simultaneously to the model? If so, why were the

transformed and untransformed variables added together?

As regards the construction of the multivariable regression models, first we built a core model with the
sociodemographic variables associated with the outcomes (the ten MSCA sub-scales). In the second step
we included each exposure variable separately in different multivariate models and then we added the

potential confounders for each model.
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Statistical Analysis Paragraph 5 - "Effect modification was performed by interacting the exposure variable
with the potential modifier" - please reword this sentence to clarify that interaction terms were created

between the exposure variables and the potential effect modifiers.

As the reviewer has suggested, we have added this information in the manuscript:

Material and methods section, page 12, Statistical analysis, 2nd paragraph: Effect modification analysis was
performed by creating an interaction term between interaeting the exposure variable with and the
potential modifier: child’s sex, maternal nutrients categorized by the median: Mn (< and > 1.44 pg/L), Se (<
and > 79.8 ug/L) and Zn (< and > 363.7 pg/L), intake of vitamins Be (< and = 2.3 mg/day) and Bi2 (< and 2 9.4
mg/day), ferritin (categorized as iron deficiency [ID] as < and > 15 pg/L), and intake of folate (categorized by
the intake recommendation during pregnancy, < and > 600 ug/day]. The models with and without
interaction term were compared with the Likelihood Ratio test (LRT) and the effect modification was

considered statistically significant if the p-value <0.05.

Statistical Analysis Paragraph 5 - Likelihood ratio tests were used to compare the models with and without
the interaction terms. Likelihood ratio tests compare the fit of models when predictors are
added/removed. What exactly was inferred when the LRTs were observed with/without the interaction

terms? Were decisions about which variables to use as effect modifiers based on the LRTs?

This statement means that the interaction term was added to the main models and the likelihoods of the
main models and the main models plus the interaction term were compared using the LRT. The ‘main
effects’ (variables which we test for interaction) are already included in the main models, so, we only test
for effect modification. This is a standard and recommended method to compare nested models and
provides almost identical results than the t-test which is used to construct the confidence intervals of the

interaction terms.
Both approaches (chi-square of the LRT and t-test) provided essentially the same results.

The interactions tested were pre-specified and justified in the introduction section and results for all of

them are provided in the results section.

Statistical Analysis Paragraph 6 - Lines 57-58 - the authors state that GAMs were used to assess the
associations between the MSCA sub-scales and As exposure. Please reorder the exposure and outcome
variables in that sentence and state that the associations between As exposure and scores on the MSCA

sub-scale were assessed.
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We thank the reviewer for noticing this mistake. We have reordered the exposure and outcome variables in

this sentence.

Material and methods section, page 12, Statistical analysis, 2" paragraph: Finally, Generalized Additive
Models (GAM) were fitted to evaluate non-linear patterns on the association between As species and

scores on the MSCA sub-scales

Results:

Table S1 needs to be brought into the main manuscript tables, not as a supplemental table.

We have added a new Table 1, with the descriptive analysis of some of the sociodemographic and
environmental characteristics of the study population. In this table, we have also included the maternal
urinary TAs and SAs concentrations by the different characteristics, in accordance with a suggestion made
by another reviewer. Additionally, the descriptive analysis of the information collected at 1 year and 4-5

years of age can be found in Table S1.

We have decided to keep Table S1, which contains the comparison between the included and not included
population and the descriptive analysis of the information collected at 1 year and at 4-5 years of age, in the

Supplementary Material, because Table 1 would become too large.

Section 3.2 - The results described in lines 20-29 are not statistically significant; the 95% Cls include the null
value for beta coefficients (i.e., they include 1.00) Section 3.3, effect modification results - Please change

"95% IC" to "95% CI".

In this section we showed only the statistically significant beta coefficients (p-value <0.05). Only one of the
coefficients was found to be marginally statistically significant (p-value = 0.06, executive function scale),

although we think it should be kept in the text because the association was similar to the others.

We thank the reviewer for noticing this mistake. We have changed "95% IC" to "95% CI".

Discussion:

Paragraph 2, line 35: Please replace "at 10 years old" with "at 10 years of age" and correct for the same in

line 55.

As the reviewer has suggested, we have replaced "at 10 years old" with "at 10 years of age" in lines 35 and

55.

Paragraph 2, line 45 - 47: In describing the birth cohort study from China, please clarify that the cord blood

arsenic concentrations were used. "As cord serum" is not very clear.

As the reviewer has suggested, we have clarified the matrix where arsenic was measured:
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Discussion section, page 16, 2" paragraph: In the Ma'anshan-Anhui Birth Cohort (China), As cord blood
concentrations (serum) (median [p25, p75] = 1.89 [1.27, 2.89] ug/L) were was associated with a higher risk
of developmental delay in the social domain among 6-month-old children, assessed through the Ages and

Stages Questionnaire.

Paragraphs 2 and 3: Add details of the general As exposure levels in the various studies that are described,
how they relate to exposure levels in Spain, and what implications that may have in interpreting the

present study findings.

As the reviewer has suggested, we have added the median As concentrations of the different studies to the
text. We have also added some implications that the different As exposure levels may have in interpreting

the present study findings.

Discussion section, page 17, 1st paragraph: Thus, the epidemiological literature on the relationship
between prenatal As exposure and neuropsychological development in childhood is still too scarce to draw
any definitive conclusion. Additionally, the methodology used in the different studies is too heterogeneous,
which hampers the comparability between them. -additien Furthermore, the biomarker of exposure used
in these previous studies was total As (sum of organic and inorganic forms) or >As (sum of DMA, MMA and
iAs), and none of them evaluated the different species individually. This fact may have added a certain
degree of imprecision in the exposure assessment that could partly explain the inconsistencies in the
results. Arsenic concentrations were substantially different across the studies; for example, urinary YAs
concentrations in the Bangladeshi cohort of pregnant women were around 80 ug/L, which are much higher
concentrations than in the present study (7.4 ug/L). These differences in urinary SAs concentrations could
imply a differential relative contribution of each species in the total concentrations. For example, in the
Bangladeshi birth cohort, the major contributor in SAs may be iAs, due to the fact that the general
population in Bangladesh is highly exposed to iAs through drinking water (Shahid et al. 2020). In contrast, in
our population, iAs exposure from water is low (around 1 pg/L) (Ministerio de Sanidad Servicios Sociales e
lgualdad 2019), and the main contributor to prenatal iAs and its metabolite concentrations is the
consumption of certain foods, such as rice or molluscs (Soler-Blasco et al. 2021). Moreover, our population

was highly exposed to non-toxic organic arsenicals from high fish consumption.

Paragraph 4: In describing the Mexican study and the Taiwanese study, please add pertinent details,
including the sample size, the outcome assessment tools used, and then comment on the comparability of

findings with the present study.

As the reviewer has suggested, we have added more information about these two studies. We have also

commented on the comparability of findings with the present study.
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Discussion section, page 17, 2" paragraph: Only a few cross-sectional studies have analysed the
association between postnatal urinary metabolites and children’s cognitive function. In one Mexican study
(n=602), the authors found a significant association between urinary MMA concentrations (mean= 7.7
ug/L) and problem-solving, vocabulary, memory and attention tests in schoolchildren, evaluated by several
tests (Letter Sequencing, Visual Search, the Peabody Picture Vocabulary Test, the Weschsler Intelligence
Scale for Children Revised Mexican Version Digit Span Subscale, among others) {ir—this—study—rrean-MMA
concentration-was/7he/t) (Rosado et al. 2007). In a case-control study carried out in Taiwan (n of cases=
63, n of controls= 35), the MMA and the iAs concentrations in the highest tertile (>0.0028, and >0.49 ug/L,
respectively) increased the risk of neurodevelopmental delay in preschool children, evaluated through
multiple neurodevelopmental tests (Peabody Developmental Motor Scales, Gross Motor Function Measure,
Chinese Wechsler Intelligence Scale for Children, and Bayley Il Scales of Infant and Toddler Development,
among others) (Hsieh et al. 2014). The results derived from these two studies with postnatal As exposure
seem to be in agreement than those observed in our study with prenatal As. Nevertheless, comparison of

the studies must be performed with caution.

Paragraph 8: Please be consistent in the use of "Fe" and/or "iron".

We have checked to ensure use the same terminology throughout the manuscript.

Paragraph 9: Line 39: The relationship between arsenic methylation efficiency and scores on the MSCA sub-
scales was modified by maternal urinary Zn concentrations. Please reword the first sentence to reflect it

clearly.
As the reviewer has suggested, we have modified the first sentence of the paragraph:

Discussion Section, page 20, 2" paragraph: “Finally, we have found that the relationship between As
methylation efficiency and scores on the MSCA sub-scales was modified by maternal urinary Zn

concentrations w

Paragraph 10: The differences in the socioeconomic profile and educational status between those who
participated vs. those who did not is indicative of selection bias (in addition to issues of

representativeness). Please add a few sentences regarding selection bias in the limitations.
We thank the reviewer for his/her comment. We have added this limitation in the Discussion section.

Discussion Section, page 21, 2" paragraph: This study has several limitations. Firstly, a considerable
proportion of children from the cohort were not included in the present study and this loss to follow-up
could represent a selection bias. We observed that the participants who were included had a higher
socioeconomic profile and educational level. This fact could be affecting the representativity of the study

and the estimation of some exposure- outcome associations.
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Paragraph 10: OCM - please use the full form; first time use.

We have changed “OCM” to the full form.

Add a paragraph that includes a comment on the different results obtained for the different sub-scales'
scores. For example, executive functions are largely related to the prefrontal cortex of the brain. But the
other aspects of cognition might be related to other areas/mechanisms in the brain. Please comment on

those and the hypothesized biological mechanisms underlying those associations.

As the reviewer has suggested, we have added a paragraph with some information about mechanism of As

toxicity on different areas of the brain, based on different experimental and in vitro studies.

Discussion section, page 18 , 1 paragraph: Although the mechanism of As neurotoxicity is still not fully
understood, some experimental studies on animals have proposed oxidative stress as a possible
mechanism(Chandravanshi et al. 2018; Luo and Shu 2015); As has been related to an increase in reactive
oxygen species (ROS) concentrations and its accumulation in certain areas of the central nervous system,
particularly in the frontal cortex region, (Luo and Shu 2015; Mishra and Flora 2008). This accumulation
causes lipid peroxidation, which leads to DNA damage and, consequently, brain cell death and
degeneration of the CNS (Chandravanshi et al. 2018; Luo and Shu 2015). The prefrontal cortex region is
related to memory, perception, new learning, and other cognitive processes (Siddiqui et al. 2008). Another
As neurotoxicity mechanism that has been proposed is a neurotransmission impairment, specifically in the
metabolism of acetylcholine. The cholinergic alteration produced seems to generate learning and memory
impairment (Chandravanshi et al. 2014). The methylated forms, DMA and MMA, seem to be accumulated
in the brain. Experimental studies have observed higher levels of MMA in the hippocampus, related to
verbal learning and memory, and the thalamus, related to some motor tasks, working memory, attention
control, learning and memory processing (Georgescu et al. 2020; Li et al. 2020; Sdnchez-Pefa et al. 2010;

Tyler and Allan 2014).

Conclusions:

Line 50: Please replace "at 4-5 years old" with "at 4-5 years of age".

We have changed this sentence in the Conclusions section.
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Reviewer #3

This is a potentially interesting paper to explore the relationship between prenatal total arsenic
concentrations, the arsenic species and the methylation efficiency, and child neuropsychological
development in a Spanish birth cohort. This is a follow-up study with interesting results, but there are some

modifications that need to be made.

We are very grateful to the reviewer for his/her careful reading of our manuscript. The authors consider
that changes following her/his suggestions have improved the manuscript. The specific points raised by the

reviewer are addressed below and we have tracked changes in the text.

1. Page 8, line 4-33: The score stated in the neuropsychological assessment, authors should explain the

meaning of high or low score. In this way, people who are not familiar with this score can also understand.
As the reviewer has suggested, we have added a sentence to explain the meaning of high/low MSCA scores.

Material and methods section, page 9, 1% paragraph, 2.2.2 Outcome variable: neuropsychological
assessment sub-section : “The new sub-areas of MSCA used in this study were gross motor and fine motor
skills, executive function and working memory (Julvez et al. 2011). Higher scores on the general scale and

sub-scales indicate better cognitive development.

2.Page 9, line 48-55: In the PCA analysis, the author should explain clearly how PC1 and PC2 were used as
arsenic methylation phenotypes. The author should explain the relationship between PC1 and PC2 and

arsenic methylation capacity indices (iAs%, MMA% and DMI1%)?

The relationship between the PC1 and PC2 phenotypes is explained in the Results section (subsection 3.1,
see below). The authors considered that this information should remain in this section, due to its being a

result derived from the analysis.

Results section, page 13, 2™ paragraph, 3.1 Description of TAs and its metabolite concentrations and As
methylation efficiency: The variability of the three calibrated percentages of metabolites can be
summarized in two principal components. Principal component 1 (PC1) explained 89% of the variance and
was characterized by higher %DMA and lower %iAs and %MMA. Principal component 2 (PC2) explained the

remaining 11% of the variance and was characterized by higher %iAs and lower %MMA.

Nevertheless, we have added some information explaining the reason for using principal component

analysis.
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Material and methods section, page 11, 2" paragraph, Statistical analysis: The second involves a principal
component analysis (PCA) of the three calibrated, untransformed and un-rotated percentages corrected for
maternal creatinine. The PCA was performed to avoid the high correlation between the percentages of the
three metabolites. The results obtained through the PCA were two principal components (PC1 and PC2)
that explain 100% of the original variance. Therefore, these two PC were used as As methylation

phenotypes.

3. Regarding the study population, if the Materials and Methods section, 2.1 study population included

Figure S1 and instructions, readers can clearly know how to recruit study subjects in this study.

As the reviewer has suggested, we have moved Figure S1 (Flow chart describing the process of selecting
participants in the INMA Project (Valencia and Gipuzkoa, Spain, 2003-2008) to be included in the present

analysis) to the main document as Figure 1.

4. In the Result section, first, there should be a Table presenting the distribution of arsenic species, arsenic
methylation indices and various neuropsychological outcome variables based on demographic
characteristics of 807 study population. In this way, it is possible to understand which variables can
confound the association between arsenic species, arsenic methylation and neuropsychological

assessment.

In previous work, we studied the factors associated to the different As species concentrations (Soler-Blasco,
2021). The table requested by the reviewer was already included in the supplemental material of this
previous study. In order to avoid overlapping, we have not included this table again, but we have

referenced this previous work in the results section

Material and methods section, page 10, 4 paragraph, Statistical analysis: We calculated the geometric
mean (GM) and 95% confidence intervals (95%Cl) of the urinary creatinine adjusted (pg/ g creatinine) TAs,
AB, DMA, MMA, iAs and 2_As concentrations (as the sum of iAs, DMA and MMA). GM and 95%Cl of the
measured TAs and >As were calculated according to sociodemographic, environmental, and dietary
characteristics of the study population. Descriptive analyses of the rest of the As species according
characteristics of the study population can be seen in Soler-Blasco et.al (2021). For further analysis, we
applied the log2 and probit-transform functions on values of the urinary As species concentrations and the

percentage of the individual metabolites, respectively, in order to correct their skewed distribution.

Nevertheless, we have added in the manuscript a new Table 1, with the descriptive analysis of some of the
sociodemographic and environmental characteristics of the study population. In this table we have also

added the maternal urinary TAs and >As concentrations by the different characteristics.

Reference:
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Soler-Blasco R, Murcia M, Lozano M, Sarzo B, Esplugues A, Vioque J, et al. Urinary arsenic species and
methylation efficiency during pregnancy: concentrations and associated factors in Spanish pregnant

women. Environ Res. 2021;196(110889).

5. Figure 3 is too crowded and difficult to understand for readers. Can the author use a clearer diagram or
table to show the interaction between maternal nutrients and methylation efficiency on the scores of the

ten MSCA scales?

We have tried to improve the interpretability of Figure 3 (now Figure 4), marking the beta coefficients and
95%Cl with a p-value of interaction <0.05 (in red colour) and those with a p-value of interaction <0.01 (in
brown colour). Furthermore, we have also added three tables in the supplementary material with the beta
coefficients and 95%Cl of all the interactions, highlighting with a colour those results with a p-value <0.05

and with another colour those with a p-value <0.01.

6. In the statistical analysis section, the correlation of Figure 1 and Figure 2 and the interaction of Figure 3,

readers cannot clearly know which confounders were adjusted in each statistical analysis.

The reviewer rightly remarks that the information on confounders and adjustment variables for each model
is not found in the figures, making it difficult to read. However, the authors decided to show this
information in the supplemental material, due to the fact that it was impossible to include all this
information in the figure captions (there are different adjustment variables for each of the models). In the

footnote of the figures is indicated where can this information be consulted.
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Reviewer #4

The overall objective of the present study was to evaluate relationships between prenatal total As
concentrations, the As species and the methylation efficiency, and neurophysiological development in 4-5-
year old children (n=807) in the Spanish birth cohort, INMA. In general, the study is clearly described, and
the arsenic exposure has been thoroughly assessed, i.e., separating inorganic and organic arsenic.

However, there are some major concerns that needs to be addressed.

We thank the reviewer for all his/her suggestions after a careful reading of our manuscript. This has
enabled us to clarify some aspects of it. The authors have tried to improve the manuscript by following the
reviewers’ suggestions. The specific points raised by the reviewer are addressed below. We have tracked

changes in the text.

Major comments:

1. The main finding in the present study was that the concentration of MMA was inversely associated with
the general cognitive scale as well as with several sub-scales. What does this mean when you consider that
i) the exposure to inorganic As (sum As) is very low in the present population and the concentration of
MMA is even lower (GM: 0.34 ug/g creatinine), and ii) the authors do not find any association of sum As
with any of the outcomes. What would happen if the models of concentration of MMA and outcomes were
to be adjusted for the sum of As? In summary, is it really the As exposure which is underlying the
associations of MMA and neurophysiological development? Or can MMA reflect something else like an
efficient one-carbon metabolism? Earlier studies have found interactions between MMA and tobacco
smoking, could this play a role here? This needs to be discussed in more detail. An alternative suggestion

would be to only focus on AB and sum of As.
We have answered each question below.

i) As the reviewer has commented, the exposure of inorganic As in our population (sum of DMA, MMA and
iAs) is very low, compared with other areas, such as Bangladesh. Nevertheless, at present, there are no
established threshold levels below which exposure to arsenic does not produce effects. For this reason, the
authors considered that more research is necessary, even in populations with low exposure levels. We
consider that the findings of this study are interesting for several reasons: association has only been seen
with urinary MMA concentrations, but not with %MMA (only with the memory scale). This result might
indicate an incomplete/partial As methylation in our population or an over-exposure to this methylated

form through rice consumption. In fact, in our previous work, we found a positive association between
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urinary MMA concentrations and rice intake (PMID: 33607098). In addition, detectable levels of MMA in

rice have been reported in previous studies (see references below).

References:

-Nookabkaew S, Rangkadilok N, Mahidol C, Promsuk G, Satayavivad J. 2013. Determination of Arsenic
Species in Rice from Thailand and Other Asian Countries Using Simple Extraction and HPLC-ICP-MS Analysis.
J Agric Food Chem; doi:10.1021/jf4014873.

-Signes-Pastor AJ, Carey M, Meharg AA. 2017. Inorganic arsenic removal in rice bran by percolating cooking

water. Food Chem 234:76—-80; doi:10.1016/j.foodchem.2017.04.140.

Soler-Blasco R, Murcia M, Lozano M, Sarzo B, Esplugues A, Vioque J, et al. 2021. Urinary arsenic species and
methylation efficiency during pregnancy: concentrations and associated factors in Spanish pregnant

women. Environ Res 196; doi: https.//doi.org/10.1016/j.envres.2021.110889.

-U.S Food and Drug Administration. 2016. Arsenic in Rice and Rice Products Risk Assessment Report.

ii) We have carried out the analysis proposed by the reviewer, including the urinary SAs concentration

(log2-transformed) in the multivariate linear regression model with MMA as the exposure variable. The

result
S Can
Outcome Exposure Model Beta (95%Cl) p-value be
General scale log2 MMA 1 -1.37(-2.33,-0.41) 0.01 seen
General scale log2 MMA 2 -1.47 (-2.54,-0.39) 0.01 )
Verbal scale log2 MMA 1 -1.18 (-2.13,-0.23) 0.02 nthe
Verbal scale log2 MMA 2 -1.39(-2.43,-0.35) 0.01 table
Quantitative scale log2 MMA 1 -1.23(-2.20,-0.27) 0.01 belo
Quantitative scale log2 MMA 2 -1.34(-2.40, -0.28) 0.01 W
Memory scale log2 MMA 1 -1.19 (-2.17,-0.20) 0.02
Memory scale log2 MMA 2 -1.60 (-2.70, -0.50) 0.01
Executive function scale log2 MMA 1 -0.98 (-2.00, 0.04) 0.06
Executive function scale log2 MMA 2 -1.01(-2.15,0.12) 0.08
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Model 1: analysis presented in the manuscript, without adjustment by SAs.

Model 2: additional analysis, with adjustment by log2 SAs.

As can be observed, the magnitude of the effect and the p-values for the MMA concentrations are similar.

Although no collinearity problems have been observed (VIF<5 in all cases), the variance of some
coefficients was increased when including the variable SAs in the models. In addition, the Spearman
correlation coefficient between MMA and SAs was considerable (r=0.5) since the MMA concentrations
were included in the YAs variable. For these reasons, the authors decided not to include SAs as an

adjustment variable in the MMA multivariate models.

iii) The authors focused the interactions analysis only on nutrients involved in OCM, and others such as Se,
ferritin and Mn. Nonetheless, as the reviewer has suggested, we have analysed the maternal tobacco
consumption as a possible confounder through two approaches: 1) adjusting the main models with the
maternal tobacco consumption during the first trimester of pregnancy and 2) evaluating the smoking habit
as a potential modifier by interaction terms. In this analysis, we did not observe any influence on the

negative association of MMA concentrations and the MSCA subscales

We have added some discussion about this possible influence between MMA and smoking.

Discussion section, page 21, 1%t paragraph: Apart from the influence of some nutrients and elements on As
neurotoxicity, the association between prenatal MMA concentrations and the MSCA scales observed in our
study could be reflecting the relationship between other variables with an influence on As metabolism,
such as maternal smoking and the OCM nutrients. Some studies have shown an association between
smoking during pregnancy and OCM nutrients; women smokers presented lower folate and vitamin B12
levels and higher homocysteine levels (Tuenter et al. 2019) than non-smokers. Nevertheless, we have
analysed this potential confounder through two approaches: 1) adjusting the main models with the
maternal tobacco consumption during the first trimester of pregnancy, and 2) evaluating the smoking habit
as a potential modifier by interaction terms. In both approaches, we did not observe any influence of the
maternal smoking habit on the inverse association between MMA concentrations and the MSCA subscales
(data not shown). However, due to the complexity of the interrelations between As metabolism,
micronutrients and other factors, such as genetic factors, the interpretation of the association of MMA

concentrations and child neurodevelopment should be taken with caution.

2. The process of selecting covariates seem thoroughly described, but it is complex and hard to keep track
of. Have the authors considered using DAGs? Then fix the covariates between models, at least keep to the

same covariates among all the models of inorganic arsenic.

Regarding the process of selecting covariables, first we performed a thorough review of the literature
about this topic. Then, we selected the covariates through the statistical analysis described in the

manuscript. We thank the reviewer for his/her suggestion about the selection of variables. However, we
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think that each MSCA subscale represents a different aspect of neuropsychological development which
could be influenced by different maternal and child characteristics. In addition, each exposure variable
could also be associated with different habits or sources (for instance AB comes mainly from fish
consumption and inorganic As comes mainly from consumption of rice and other cereals). So, the authors
consider that the statistical analysis will be more accurate if we do not fix the same covariates for all the

multivariate models.

Although we did not use DAGs for covariate selection, we accounted for the causal relationships between
them before analysis. In the two steps process, we firstly selected those covariates that better predicted
the outcome in order to minimize random residual error, but also avoided adjusting for variables that could
mediate in the relationship between exposure and outcome. In the second step, we adjusted for any
potential remaining confounder to minimize systematic error. Although DAGs are a good theoretical
instrument for variable selection, in practice it is very complex to accurately represent the causal

relationships between all the variables involved in the study.

Nevertheless, in order to clarify the information about the process of selection of covariates and make
reading easier, we have restructured this paragraph, and we have also created three tables (Tables S4.1,

S4.2, 54.3) with the different covariables and confounders for each model (instead of Appendix 2).

3. Results shown in Figure 3 raises concern about multiple testing, and this has not been discussed. Also,

this testing of effect modification should be included in the objectives of the study with a clear hypothesis.
We have added the analysis of the effect interaction to the objectives of the study.

Introduction section, page 7, last paragraph: The aim of this study is to explore the relationship between
prenatal total concentrations of As (TAs) as well as the different urinary As species (arsenobetaine [AB],
DMA, MMA and iAs) and the methylation efficiency in the first trimester of pregnancy and children’s
neuropsychological development assessed at 4-5 years of age in a Spanish birth cohort. We also studied
the effect modification produced by sex, the maternal levels of certain nutrients and elements (serum Mn,
Se and ferritin, and urinary Zn), as well as the intake of vitamins (folate and vitamins Bs and B12) during

pregnancy.

Regarding multiple testing in the interaction analysis, we agree with the reviewer in the general risks
associated with multiplicity of analysis and it has been recognized in the discussion section of the

manuscript:

Discussion section, page 21, 2" paragraph: In the present work, multiple analyses were performed,
particularly in the interaction analysis, therefore results should be taken with caution because some

significant associations could result from chance. Coefficients and their confidence intervals should be
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taken as a global representation of the pattern of the relations between the variables involved in the study

(Rothman 1990).

Reference:

Rohtman KJ. No adjustments are needed for multiple comparisons. Epidemiology. 1990, 1:43-6.
Minor comments

1. Introduction, first paragraph: It would be informative to mention something about organic As and
sources of exposure for that already here in the beginning. As this paper covers both inorganic and organic

As.

As the reviewer has suggested, we have added some information about sources of exposure to organic

forms and their metabolism in the Introduction section.

Introduction section, page 5, 1% paragraph: The route of exposure to the organic forms (oAs),
arsenobetaine (AB) and other complex forms of As, such as arsenolipids and arsenosugars, is mainly
through seafood and fish consumption (Agence nationale de sécurité sanitaire de l'alimentation de

I'environnement et du travail 2011; Agéncia Catalana de Seguretat Alimentaria 2020).

Introduction section, page 5, 2" paragraph: Regarding the most complex forms of As, AB is excreted
without changes through the urine, but arsenosugars and arsenolipids seem to be metabolised, producing

DMA (Molin et al. 2012; Taylor et al. 2017).

2. Introduction, end of second paragraph: Please do not mix essential elements and toxic elements such as
cadmium in one sentence. It would also be informative to expand a bit about this to understand how
essential elements can affect As metabolism, for example via one-carbon metabolism. What about

cadmium, how does that affect As metabolism?

As the reviewer has suggested, we have added some of information about the influence of OCM nutrients,
and other essential and toxic elements on the As metabolism. We have also separated the essential and the

toxic elements.

Introduction section, page 5, 2" paragraph: Several factors seem to affect methylation efficiency.;
partiewtarly such as the intake of some nutrients and elements. Particularly, evidence has also been found
of the influence of nutrients that participated in one-carbon metabolism (OCM), such as vitamins Bs and
B12, and folate, which are involved in the synthesis of S-adenosylmethionine (SAM), the main donor of the
methyl group in iAs methylation (Kurzius-Spencer et al. 2017; Laine et al. 2018) . Moreover, other essential
elements appear to have an influence on As metabolism, such as manganese (Mn), eadmisrr-Ee}, selenium

(Se), or zinc (Zn) (Lépez-Carrillo et al. 2016; Rahman et al. 2019; Trasande et al. 2014; Valeri et al. 2016).
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Toxic elements, such as cadmium (Cd) also seem to be related to the efficiency of As metabolism, by

binding to reduced glutathione, an antioxidant involved in the reduction process (Nordberg et al. 2005).

3. Introduction, study aim should also contain the effect modification by nutrients as indicated above.

As the reviewer has suggested, we have added the analysis of the effect interaction to the objectives of the

study:

Introduction section, page 6, last paragraph: The aim of this study is to explore the relationship between
prenatal total concentrations of As (TAs) as well as the different urinary As species (arsenobetaine [AB],
DMA, MMA and iAs) and the methylation efficiency in the first trimester of pregnancy and children’s
neuropsychological development assessed at 4-5 years of age in a Spanish birth cohort. We also studied
the effect modification produced by sex, the maternal levels of certain nutrients and elements (serum Mn,
Se and ferritin, and urinary Zn), as well as the intake of vitamins (folate and vitamins Bs and Bi2) during

pregnancy.

4. Page 8, Covariates and potential confounders, line 4: Correct repetitive word "...filled during pregnancy

and, and later..."

We thank the reviewer for noticing this mistake. We have removed the repeated word.

5. Page 9, 2nd paragraph: What is plasmatic? Should it not be plasma ferritin?

We thank the reviewer for noticing this mistake. We have corrected the word.

6. Page 10, section of effect modification: How were the cut-off points chosen for Mn, Se, Zn, B6 and B12?

The cut-off points chosen for Mn, Se, Zn, B6 and B12 were selected as explained in the statistical analysis.

Material and methods section, page 11, Statistical analysis, 15 paragraph: Effect modification analysis was
performed by creating an interaction term between interaeting the exposure variable with and the
potential modifier: child’s sex, maternal nutrients categorized by the median: Mn (< and > 1.44 pg/L), Se (<
and >79.8 ug/L) and Zn (< and = 363.7 pg/L), intake of vitamins Be (< and = 2.3 mg/day) and B12 (< and = 9.4
mg/day), ferritin (categorized as iron deficiency [ID] as < and > 15 pg/L), and intake of folate (categorized by

the intake recommendation during pregnancy, < and > 600 pg/day].

We selected the median as cut-off points for Mn, Se and Zn because we did not find a clear reference value
for these elements. For vitamins Bs and B1> we decided to use the median because we have few cases with

intake below the recommendations.

7. Page 15, lines 33-34: "In a Mexican study, the authors found a significant association between urinary

MMA concentrations and problem solving..." Please indicate direction of the association.
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In the Mexican study cited (Rosado et al., 2007), only the results about the relationship between urinary
total As and several neurodevelopment scales were shown. In the paper, the authors only showed whether
the association of each As metabolite and the neurodevelopment scales was statistically significant, but the

direction and the magnitude of the associations were not stated.

Hence, we do not indicate the direction of the association of the study because, unfortunately, we have not

this information.

8. Page 18, lines 16-17: ..., and As metabolism efficiency seems to change during pregnancy,.... This is a
highly important point, and this increased metabolism starts very early in pregnancy. Could the authors
elaborate on time of initiation and support with a reference. For example, Arsenic methylation efficiency
increases during the first trimester of pregnancy independent of folate status. Gardner RM, Nermell B,
Kippler M, Grandér M, Li L, Ekstrém EC, Rahman A, Lonnerdal B, Hoque AM, Vahter M.Reprod Toxicol. 2011
Feb;31(2):210-8. doi: 10.1016/j.reprotox.2010.11.002. Epub 2010 Nov 13.PMID: 21078382

The authors thank the reviewer for her/his suggestion. We have added some information about this topic

in the Introduction section.

Introduction section, page 5, 2" paragraph: Another factor that could affect the As metabolism is the
pregnancy status. An increase in As methylation has been observed during pregnancy, denoted by a higher
%DMA and lower %MMA (Gardner et al. 2011; Hopenhayn et al. 2003). This increase in As methylation

efficiency appears more rapidly during the first trimester of pregnancy (Gardner et al. 2011).
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